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Abstract 
There are many free sources of energy around the globe. By investing in them, the 
world can reduce its dependence on fossil fuels and improve the quality of the 
environment. Waste heat is considered a hidden energy source and waste heat recovery 
creates a green energy source with low cost. In addition, natural thermal energy, such 
as geothermal and solar energy, is a low-cost sustainable heat source with large 
amounts emitted and produced annually. The stationary cylindrical split channel 
(where the cylinder is sliced in half along the axis and the two c-shaped halves are 
translated laterally), commonly used to induce a fire-whirl in the laboratory, is one 
device that can utilise these heat sources. This research investigates inducing swirl 
flow within a stationary cylindrical split channel with two identical slots (without using 
moving parts) using a hot air flow inlet at its base. The objectives of this research are: 
Firstly, to examine the generation of swirl flow in the split channel when the used heat 
source is a hot air flow inlet instead of fire. Secondly, to study the effect of possible 
design parameters on specific variables, including the conversion efficiency of thermal 
energy to kinetic energy, to determine some possible applications of the new, 
naturally-induced swirl generator.  
This research was divided into experimental and computational components to 
accomplish the above objectives. First, a preliminary experiment using a fog machine 
was conducted to visualise the swirl smoke. This was followed by measurements of 
the generation of the swirl flow using a two-dimensional Particle Image Velocimetry 
system (2D PIV system). Olive oil particles were used as seeds and to collect the 
required measurements of velocity components for subsequent validation of the 
computational fluid dynamics (CFD) results. The scaling analysis was conducted to 
present the experimental and computational results in normalized form, and to 
investigate the scaling effect on the turbulence of the swirl flow. Moreover, 
thermocouples were used to measure the instantaneous temperatures. Second, the 
computational study was used to solve the continuity, momentum and energy 
equations in a steady-state condition, using the ANSYS 13.0-CFX software. The Shear 
Stress Transport model was used for the turbulence. Thermal radiation and heat 
transfer to the channel walls were ignored. The channel walls and the base of the 
domain were assumed to be smooth and non-slippery walls. All sides of the cubic 
domain, representing the surrounding air (with the exception of the bottom), were 
assumed to be open with an initial wind speed of zero. The ambient temperature was 
constant. The pressure boundary condition on the sides and top of the cubic domain 
was set to atmospheric pressure, which decreases with the height. The thermal 
properties of air changed with temperature and the transport properties were also 
functions of temperature, using the Sutherland formulas.   
To prove the existence of swirl flow, both fog machine visualization and 2D PIV 
visualisation and measurements were used. The cylindrical split channel used 
throughout the experimental investigation had a height of 0.25 m and an internal 
diameter of 0.095 m. Furthermore, the diameter of the inlet at the base of the split 
channel was 0.03 m, the width of gap (the translation distance along the split) was 
0.0115 m, and the depth of gap (the translation distance normal to the split, creating 
an overlap) was 0.01 m. The PIV measurements were taken for tangential and radial 
velocities at three different heights within the channel (33.5 mm, 125 mm and 
240 mm), while the axial velocity component was measured for a plane including the 
centreline of the channel. 
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A three-dimensional CFD model of the swirl flow produced within the current 
experimental work was validated by the current PIV measurements. A parametric 
study was then conducted where design parameters such as the inlet temperature and 
pressure, all geometric quantities (all the sizes of the channel, holes and gaps) and the 
number of gaps were varied. The effects of these variations on the normalized 
centreline axial velocity, normalized centreline temperature, normalized centreline 
axial vorticity, normalized inlet and exit axial velocities, normalized inlet mass flow 
rate, entrainment ratio and conversion efficiency of thermal energy at the inlet to 
kinetic energy along the split channel were investigated. This parametric study was 
conducted on a cylindrical split channel having dimensions similar to Kuwana’s 
channel (Kuwana, Morishita, Dobashi, Chuah & Saito, 2011, Proceedings of the 
Combustion Institute, vol. 33, pp. 2425–2432). In this study, when one parameter was 
varied, the remainder were maintained constant. 
The results from the smoke and PIV visualisation showed that a swirl flow was 
generated within the cylindrical split channel. The validation of the CFD showed that 
average relative deviations were 17.7% and 55.3% for the tangential and radial 
velocities at a height of 32 mm, while it was 49.56% for the axial velocity. The shapes 
of the profiles for each velocity component were reproduced by the CFD, but the large 
relative error in the radial velocity is due to its small magnitude, while the error in the 
axial velocity is due to an inability to predict the large increase and rapid decrease 
immediately downstream of the inlet. The scaling analysis produced 16 dimensionless 
groups representing the characteristic of the generated swirl flow. The parametric 
study for the channel similar to Kuwana’s channel showed that several reported 
variables affected the conversion efficiency of thermal energy to kinetic energy (𝜂). 
The inlet temperature, pressure and diameter, the size of the gap (in both directions) 
and number of gaps are the major variables for designing a split channel for power 
production because 𝜂 increases with their increase. In addition, many variables affect 
the entrainment ratio and inlet mass flow rate, and high values of inlet temperature, 
gap width and using two gaps (instead of one) are the major variables for building a 
split chimney for dilution purposes. The inlet temperature, pressure and diameter, the 
size of the gap (in both directions) and number of gaps are the major variables for the 
design of a split channel as a fuel saver for an automobile.  
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1 Introduction 
1.1 Motivation 
The production of various sorts of non-renewable energy for different purposes around 
the world has sometimes been associated with the occurrence of massive crises. In 
December 1952, a great dense smog covered London (Thring, 1973) and deaths 
registered in 1954 (according to the Ministry of Health) was around 4,000 (most of 
people over 65 and those already suffering from difficulty in breathing) (Livingstone, 
2002). The smog was the result of burning fuel for generating electricity at the power 
station, and warming houses (see figure 1.1 for more information). The smog was not 
able to be dispersed and it trapped the smoke and other air pollutants because the 
ambient atmosphere was stagnant and there was a temperature inversion (hotter layers 
were at the ground level). All of that led to an increase in smoke and sulphur dioxide 
concentrations. Livingstone (2002) concluded that manufacturing was a significant 
contributor to air pollution. The increase in concentration of hazardous pollutants 
increased the death-rate (Livingstone, 2002). The most famous crises resulting from 
converting nuclear energy to electricity were in Ukraine in 1986. Chernobyl nuclear 
power plant suffered a major accident which was followed by an extensive release to 
the atmosphere of large quantities of radioactive substances. This had serious 
radiological, health and socio-economic consequences for the populations of Ukraine 
and Russia. It led to an increase in the death rate due to serious illness. Although the 
radiological impact of the accident in other countries was generally very low, and even 
insignificant outside Europe, this event had, however, the effect of enhancing public 
understanding all over the world of the risks associated with the use of nuclear energy 
(Métivier 2002).     
In addition, global warming is the result of thermal emissions from the production of 
non-renewable energy (commercial and non-commercial) and the emissions from 
miscellaneous sources around the world. It was found that thermal emission causes 74% 
of the global warming as shown in figure 1.2. The heat accumulated in the atmosphere 
represents 6.6% of total global warming, leading to an obvious increase of atmospheric 
temperature. This increase in the temperature increases the melting of polar ice and 
consequently leads to an increase in sea levels (Nordell & Gervet 2009). 
 
Figure 1.1 Energy use in London 1950-2000 (Livingstone, 2002) 
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Figure 1.2 Global warming for 1880-2000. a) Global warming and heat sources (the global heat accumulation), 
(b) The total global warming, i.e., heat accumulation in air, ground and water/ice since 1880 (Nordell & Gervet 
2009). 
The wasted heat is originally from the use of non-renewable energy. Any fossil fuel 
energy, after industrial utilisation such as combustion and electric generation, is finally 
emitted in the form of waste heat to the atmosphere (Zhang & Akiyama 2009). 
According to The International Institute for Applied Systems Analysis (IIASA), The 
average heat release from global commercial energy in 1996 was about 1.3×1013 W 
and the average anthropogenic heat flux (AHF) for the world was around 0.1 W/m2. 
The AHF is higher in the centre of cities (Chirkov 2013); for instance, in the middle 
of Tokyo, the AHF during the day is 400 W/m2 (Ichinose, Shimodozono & Hanaki 
1999). Figures 1.3 and 1.4 show the global distributions of annual-mean of AHF in 
2005 and 2040 (predicted). The total average value is 0.028 W/m2 and 0.059 W/m2 
respectively. The average value in Western Europe was 0.68 W/m2 in 2005 and is 
predicted to be 0.89 W/m2 in 2040. In United States, for example, it is estimated that 
somewhere between 20%-50% of industrial energy consumption is wasted heat in the 
form of hot equipment surfaces, cooling water, hot exhaust gases, and heated product. 
Table 1.1 indicates some reported waste heat losses (BCSIncorporated 2008). It is 
reported that in industrial manufacturing processes, most of the waste heat comes from 
both the sensible heat of out-flowing materials and thermal radiation from the furnace 
(Zhang & Akiyama 2009). Table 1.2 shows examples of wasted heat sources and uses. 
 
Figure 1.3 Annual-mean anthropogenic heat flux in 2005 (Flanner 2009) 
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Figure 1.4 Predicted annual-mean anthropogenic heat flux in 2040 (Flanner 2009) 
Table 1.1 Estimates of Waste Heat Loss and Recovery Potential (BCSIncorporated, 2008) 
Study Estimated Waste Heat Loss and/or Recovery Potential 
Cooke, 
1974 
Waste heat losses in the United States total 50% of energy inputs 
Blaney, 
BL, 1984 
Losses from exhaust gases from industrial processes and power generation sites total 
14.1 quadrillion BTU/yr. About 1.5 quadrillion BTU/yr could be recovered at 
temperatures above 300°F. This would correspond to about 31% and 3% of industrial 
energy inputs, respectively 
Energetics, 
2004 
Waste heat could comprise 20-50% of industrial inputs. Selected energy saving 
opportunities from waste heat recovery could total 1.6 quadrillion BTU/yr 
Table 1.2 Example of wasted heat source and their uses (BCSIncorporated 2008) 
Waste heat sources Uses for Waste Heat 
• Combustion Exhausts: 
 Glass melting furnace 
 Cement kiln 
 Fume incinerator 
 Aluminium reverberatory furnace 
 Boiler 
• Process off gases: 
 Steel electric arc furnace 
 Aluminium reverberatory furnace 
• Combustion air preheating 
• Load preheating 
• Power generation 
• Steam generation for use in: 
 power generation 
 mechanical power 
 process steam 
• Space heating 
Waste heat is considered a hidden energy source and recovery of it for reuse has 
various positive aspects. The first step to use the waste heat is recovering it somehow. 
Numerous technologies and variations/combinations of technologies are commercially 
available for waste heat recovery. Many industrial facilities have upgraded or are 
improving their energy productivity by installing these technologies. However, heat 
recovery is not economical or even possible in many cases (BCSIncorporated 2008). 
Waste heat is classified by its temperature range as low (less than 505.15 K), medium 
(from 505.15 K to 923.15 K), and high (greater than 923.15 K). The ranges of 
temperature can have different values, as reported in Ma et al. (2012). Waste heat 
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recovery creates a green energy source with low cost. For example, waste heat from 
the exhaust combustion of a furnace can be used to preheat the combustion air and this 
preheating increases furnace efficiency by 50% (BCSIncorporated 2008). Khurana, 
Banerjee and Gaitonde (2002) provide an another instance from the cement industry 
in India where 35% of input energy lost as waste heat could save 30% of electricity 
requirements and give a 10% increase in plant efficiency. It found that the payback 
period for the system is around two years. It should be mentioned that recovering low 
quality waste heat for reuse is unpractical, but the pressures of current environmental 
and economic factors push for its recovery.   
Natural thermal energy such as geothermal and solar energy is potential free 
sustainable heat sources because large amounts are emitted and produced annually. 
Solar energy is the most available source for most of the world. Total solar energy that 
reaches the upper atmosphere of the Earth is 174×1015 W but only 51% of that (89 
×1015 W) reaches the land and oceans (Tian & Zhao 2013). This amount is still large 
but it needs to be collected and stored effectively because of its low density (Tian & 
Zhao 2013). Figure 1.5 shows the distribution of solar energy received by the Earth 
from 1983 to 2005 where the lowest flux was 600 kW/m2 and the highest flux was 
2,800 kW/m2 (Trieb et al. 2009). It is reported that the technical potential to harness 
solar energy in 2000 reached 1,575×1018 J/year (5×1013 W) (Fridleifsson 2003).  
Geothermal energy is thermal energy generated and stored in the Earth and it is a clean 
and continuing thermal source. It is used to generate electricity, used directly for heat, 
and as a thermal pump. The technical potential of geothermal energy in 2000 was 
around 5,000 EJ/year (1.6×1014 W) (Fridleifsson 2003). The distribution of heat flux 
from the surface of the Earth's crust in 1993 is shown in figure 1.6, while figure 1.7 
illustrates the hottest know regions of geothermal energy on the Earth.  
 
Figure 1.5 Worldwide annual direct normal irradiation in kWh/m²/y from NASA SSE 6.0 (Trieb et al. 2009) 
Chapter 1 - Introduction 
__________________________________________________________________________________ 
Safia R. Al Atresh                                                                                                              5 
 
 
Figure 1.6 Colour-coded contours of the global distribution of heat flow at the surface of the Earth's crust (Pollack, 
Hurter & Johnson 1993, p.275) 
 
Figure 1.7 Hottest known Geothermal Regions of the world (Geothermal, 2013) 
1.1.1 The Inducing of Fire-Whirl in the Laboratory 
Fire-whirls are a phenomenon that rarely occurs in nature, but are a potentially 
catastrophic form of fire (Farouk, McGrattan & Rehm 2000). Under certain conditions 
depending on air temperature and currents, the buoyant fire plume which is a column 
of rising air can rotate to form a fire-whirl (Meroney 2003a, 2003b; Morton 1970; 
Muraszew, Fedele & Kuby 1979). They can be classified as standing and moving fire-
whirls (Kuwana et al. 2008; Soma & Saito 1991). Standing fire-whirls have been 
frequently observed in vertical, inclined, and even horizontal directions (Chuah et al. 
2011; Morton 1970; Satoh & Yang 2000; Soma & Saito 1991). Moving fire-whirls, 
also called fire whirlwinds, can move and spiral for some distance across a burning 
field, and this intensifies their destructive ability (Soma & Saito 1991). 
Two fundamental conditions must exist to generate a fire-whirl, which are a heat 
source and a source of angular momentum (Meroney 2003a, 2003b). Fire-whirls have 
been induced in nature as well as in a laboratory. Industry is unlikely to harness the 
power of natural fire-whirls because their generation is usually unexpected; they exist 
for a short duration and are out of control. They are not a stable phenomenon and their 
swirling strength is not predictable. There are currently several configurations to 
produce fire-whirls in laboratories and theme parks. These configurations include a 
central heat source, which can be a fire, a hot surface or a hot rising gas (Al-Atresh, 
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Sharifian & Al-Faruk 2012; Hassan, Helali & Saito 2001; Hassan et al. 2005; Hayashi, 
Kuwana & Dobashi 2011; McDonough & Loh 2003). The required angular momentum 
can be produced by a fan (Muraszew, Fedele & Kuby 1979), rotating frame (Battaglia 
et al. 2000a; Emmons & Ying 1967) or an enclosure with symmetrical lateral gaps (Al-
Atresh, Sharifian & Al-Faruk 2012; Al Atresh, Sharifian & Kueger 2012; Kuwana et 
al. 2011). This study focuses on configurations that induce initial angular momentum 
by the suction of ambient air due to a pressure drop between a centred heat source 
which is at a high temperature and ambient air coming from lateral gaps. In these 
configurations, the specific pattern of the enclosure directs surrounding air towards the 
rising hot gas in a manner that produces circulation. It has also been reported that 
generating and maintaining a fire-whirl is possible by use of a stationary enclosure. 
Configurations which induce initial angular momentum by the suction of ambient air 
due to density differences between a centred heat source (which is at a high 
temperature) and cold ambient air coming from lateral gaps are simple, cost less to 
maintain and need no initial power to start running where the buoyant source can be a 
freely available heat source. The stationary configurations which include fans to start 
angular momentum and rotating configurations around their central line are more 
reliable, but they require power to initiate and maintain the fire-whirl. Replacing fire 
with a buoyant jet or thermal plume makes it possible to take advantage of the benefits 
of self-generated swirl flow using split channels for other applications as reported in 
the next section. The configuration simply converts thermal energy to kinetic energy 
and it has a low cost, which reduces the ratio of cost to efficiency (Al-Atresh et al., 
2012).  
Generated swirl flow within fuel savers can decrease fuel consumption for 
automobiles. This is because a swirl flow can improve the efficiency of burning fuel 
by ensuring good mixing of combustibles. Solar power generation plants use long 
towers to generate electricity from solar energy and chimneys use long towers to emit 
pollutants to the atmosphere. Inducing a swirl flow inside an optimized configuration 
can decrease the cost of building towers by reducing the necessary length. Current 
heaters still do not use simple, passive devices, such as swirl injectors and swirl vanes, 
to create the swirling flow leading to increased thermal efficiency. However, all 
previous applications can work with a certain efficiency; but they still can be improved 
using the fire-whirl mechanism.   
According to Fridleifsson (2003), The total energy consumption of the world is around 
320×1018 J/year (1.015×1013 W) from non-renewable sources (fossil fuel). While the 
efficiency of the fire-whirl configuration is low (maximum efficiency = 0.00132%), it 
is still able to replace 2.73% of fossil fuel needs if the system is applied to harness the 
technical potential of both solar and geothermal energy, based on figures from 2000.    
1.1.2 Fuel Saver 
A fuel saver creates a swirl, which has many advantages within the internal combustion 
engine. Harry Ricardo produced the first "turbulent" cylinder head design in 1919 and 
he realized that if the air in the combustion chamber is moving rapidly, it will "stir up" 
the flame and help it to propagate much faster (Lumley 2001). The Tornado Fuel Saver 
or Hiclone, as shown in Figure 1.8, is a non-moving turbine-shaped device made of 
stainless steel slotted fins, which fits inside the filter housing of a car’s carburettor. It 
creates a swirling tornado effect on the airflow into the intake manifold and 
combustion chamber of any engine to enhance the efficient burning of the fuel, 
Chapter 1 - Introduction 
__________________________________________________________________________________ 
Safia R. Al Atresh                                                                                                              7 
 
improve the fuel economy, generate more power, and reduce harmful emissions 
polluting the air (Technical Information, 2011). Hiclone’s swirling effect (see Figure 
1.9) makes fuel particles finer and allows up to 85% of the fuel to be burned, as 
opposed to about 60% in the best of conventional systems and this means the vehicle 
can travel further using the same amount of fuel (Fuelsaver, 2011). Hiclone saves up 
to ten percent on diesel engines. According to Figure 1.10, with one ring fitted it 
achieved a 17.03% decrease in fuel usage and with two rings fitted the reduction in 
fuel usage improved to 22.96%. This means the ability to travel further using the same 
amount of fuel (Better Economy With Hiclone, 2011). More efficient burning of the 
fuel means greatly reduced levels of exhaust pollution (see Table 1.3) (Fuelsaver, 
2011).The swirl ratio number is used to characterize the level of swirl, where 0.3 would 
represent quite low swirl and 1.5 is high, for a petrol engine (as seen in Figure 1.12). 
The optimum is typically around 1.5 to 2.0, but the fuel economy loss from dropping 
to around 0.5 is very small and gives much better "breathing", so that power production 
improves (oMaR 2013). Moreover, the results from Swiencki’s (2007) tests for 
Tornado using a dynamometer in the laboratory using four-, six-, and eight-cylinder 
vehicles following EPA test protocols explained that Tornado showed a seven to 13% 
improvement in fuel economy (Testing Expert Verifies Gas Mileage Improvement 
Claims of Tornado Air Management Systems in the Fight against High Gas Prices).  
 
Figure 1.8 Hiclone or fuel saver (Technical Information, 2011).  
 
  
Figure 1.9 Hiclone swirl effect. a) Fuel burned in 10 metres with/without Hiclone (Fuelsaver, 2011), b) swirl flow 
generated by Hiclone (Fuelsaver, 2011). 
 
Figure 1.10 Economy test for Hiclone (Better Economy With Hiclone, 2011). 
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Table 1.3 Exhaust emissions test of Hydrocarbons for Ford Falcon V8 EFI (Fuelsaver, 2011). 
Rotational speed Reduction percent 
of Hydrocarbons, 
% 
Reduction percent 
of Carbon 
monoxide, % 
Idle speed 30 60 
2500 rpm 75 95 
 
Figure 1.11 Fuel consumption due to swirl flow by Hiclone (oMaR 2013). 
The proposed configurations, described in the previous section, may work as a 
conventional fuel saver, with expectation of two more advantages and only one 
disadvantage in comparison to the Tornado Fuel saver. The use of the fire-whirl 
mechanism is better than the conventional fuel saver, not only because it generates a 
swirl flow but also because it could recovers waste heat from near the surfaces and 
uses it for preheating the mixture of the combustibles. This can lead to an increase in 
the overall efficiency of the engine due to the reusing of waste heat and increase the 
efficiency of the combustion process due to the improvement in thermal efficiency, 
which results in reduction of emissions. However, the potential disadvantage of the 
proposed configurations relates to the lack of heat source when the engine is first 
turned on, which could affect their performance at the beginning. In the start-up 
situation, it is expected that the fire-whirl mechanism would not work but the proposed 
saver can be considered similar to a conventional fuel saver with lower efficiency, 
when the overall usage is considered. This new idea to use the fire whirl configurations 
is only a scientific expectation and it is still at the first stage. In addition, the practical 
design may be modified slightly from the common design of configurations but it 
requires more numerical and experimental demonstrations to confirm its usage in 
engines. A few points can be addressed to ensure that the new proposed configuration 
can generate the swirl flow. First, it should be vertical or at least at some angle to 
horizontal. Second, the temperature around the split channel should be less than the 
inlet temperature, which can be a challenge. It seems that using fire whirl generation 
in the fuel saver technology is possible in theory, but practically, more research is 
required.  
1.1.3 Power Stations and Dilution of Exhaust 
The fire-whirl mechanism can be applied to power generation plants and chimneys. 
The generating ability of a solar updraft power plant depends predominantly on the 
collector area and the chimney height. According to Natarajan (2011), ‘One of the 
factors influencing the heat to work conversion efficiency of a solar chimney is the 
height of the chimney’. A solar updraft tower power plant is a solar thermal power 
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plant utilizing three well-established technologies: the chimney effect, the greenhouse 
effect and the wind turbine. Air is heated by sunshine and contained in a very large 
greenhouse-like structure around the base of a tall chimney. The resulting convective 
air flow rises up and passes through the chimney. This airflow drives turbines, which 
produce electricity (see Figure 1.12). 
 
Figure 1.12 Schematic diagram of solar chimney power generating system (Zhou et al. 2009, P.179). 
A swirling flow, generated by the configuration proposed in this thesis, can accelerate 
the updraft flow, potentially increasing the overall efficiency of converting thermal 
energy to electricity, thereby reducing the required chimney height. Sharifian and 
Hashempour (2012) concluded that the swirl flow in the split channel can cause a 2% 
increase in the inlet velocity and mass flow rate. 
The optimal height of the chimney depends on the collector radius and the atmospheric 
temperature gradient with height (lapse rate) and it could be affected by the generated 
swirl flow. A previous study indicates that the optimal height increases as the lapse 
rate increases and goes to infinity at a value around 0.0098 K/m (Zhou et al. 2009). 
The optimal height also increases as the required power increases. The configuration 
proposed in this thesis could shorten the optimized height of a solar tower to generate 
the same amount of maximum power produced by tall solar towers. This can be 
conducted by generating a good strength of swirl which can be controlled using the 
dimensions of gaps (using relatively small width of gap or relatively large depth of 
gap) at a short height of tower (see Sections 8.7.4 and 8.8.3 for Wg and dg, respectively). 
However, the optimized height might require a larger diameter. It is clear that an 
optimized geometry for the air chamber can further reduce the investment cost 
associated with the tower. 
In addition geothermal energy, which is a freely available heat source, can be used 
with the same configuration to create a new method to harness and produce power. 
Furthermore, Al-Faruk et al (2012) addresses that performance of Savonius wind 
turbine is improved by adopting the fire-whirl mechanisms within the conventional 
Savonius wind turbine under the loaded and unloaded conditions. This means that the 
ability of Savonius turbine to harness power can be increased by adding waste heat 
source at the base of conventional turbine which has similar design to cylindrical split 
channel to generate the fire whirl. 
Regarding common chimneys in urban areas, two advantages can be fulfilled to 
increase the performance of the chimney towers when the same mechanism is adopted. 
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The purpose of a chimney is to vent processed exhaust gases to the atmosphere and 
the first benefit of this mechanism is to accelerate the outlet flow due to the swirling 
effect producing a possible greater discharge coefficient (Sharifian & Hashempour 
2012). High outlet updraft velocity can be useful to discharge the exhaust gases to a 
higher elevation to decrease its concentration around ground level. The second gain is 
to dilute pollutants inside the chimney due to the intake of air via suction (Al Atresh, 
Sharifian & Kueger 2012; Sharifian 2012; Sharifian & Hashempour 2012). As reported, 
the minimum height of chimneys has increased to satisfy ambient air quality as well 
as to meet the requirements for air pollution control for dispersion of gases to the 
atmosphere (ASCE 2010). As a result, this mechanism can satisfy this condition with 
a shorter chimney. It seems that both advantages can combine to decrease the cost of 
a chimney due to the reduction of its height.  
1.1.4 Heaters 
Fire-whirl configurations can also be added to the existing techniques to increase the 
thermal efficiency of heating devices, due to the generated swirl flow. Experiments 
show that a swirling central flame technique improves the thermal efficiency of a 
conventional open flame atmospheric LPG gas cooker by 15% due to the higher heat 
transfer coefficient between the hot flue gas and vessel surfaces (Jugjai, Tia & 
Trewetasksorn 2001). Existing techniques exclude fire-whirl configurations. However, 
these configurations are simpler than the present methods, using swirl vanes or 
generating pressure gradients near the nozzle, or swirl injectors, to create the swirling 
flow. 
1.2 Research Question and Hypothesis 
A swirling flow can be generated by recuperated waste heat and through a fixed-frame 
fire-whirl generator. The main research question is, “Is it possible to generate a stable 
swirling flow using fixed configurations commonly used to induce fire-whirls with a 
hot air flow inlet at the base of a split channel? If the answer is yes, what will be the 
efficiency of converting thermal energy to kinetic energy?” It should be noted that this 
project does not take into account the methods of harnessing the kinetic energy from 
the swirling flow. In addition, the proposed technique can also be employed for other 
applications which are discussed in section 1.1. 
1.3 Scope and Objective of the Thesis 
The study of a cylindrical split channel with one and two gaps in terms of harnessing 
the mechanical energy is a completely new topic. These configurations have been 
extensively utilized to induce the laboratory fire-whirl for more than five decades 
(Miller 1955; Yu et al. 2013), and this needs to be understood further in order to have 
more control of fire-whirls used in buildings and in nature. While some of these 
configurations have been already optimized experimentally and virtually in terms of 
the possibility to induce a stable swirling flame, the stationary split channels used for 
the conversion of thermal energy are still at their first stage. The aim of this thesis is 
to investigate the characteristics of induced swirl flow within the stationary split 
channel (vortex generators). Therefore, the specific objectives for using a stationary 
cylindrical split channel with a hot air flow inlet to induce swirl flow are: 
 Experimental investigation using the PIV system to obtain the required average 
results to validate the average CFD results.   
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 Scaling analysis to know the dimensionless groups controlling the swirl flow and 
present all findings as scaled results. 
 Computational fluid dynamics (CFD) investigations of the effect of input 
temperature (Tin), inlet pressure (Pin), channel diameter or size (dc), diameter of 
the inlet pipe (din), width of gap (Wg), and depth of gap (dg), height of gap (Hg), 
height of inlet pipe (Hin), and the number of the gaps (Ng) as parameters (See 
figure 1.14) on a number of variables:  
i. Centreline Axial Velocity (Vc),  
ii. Centreline temperature ( Tc), 
iii. Centreline axial Vorticity (ωc),  
iv. Average axial inlet and exit velocity (Vin, Ve), 
v. Entrainment ratio (
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
), 
vi. Inlet mass flow rate (Min), 
vii. Efficiency for converting thermal energy to mechanical energy (η). 
 
Figure 1.13 The target parameters of the cylindrical split channel with two gaps. a) Isometric view, b) top view 
of split channel with two gaps, c) top view of split channel with one gap only. 
1.4 Research Methodology 
1.4.1 The Computational Investigations   
The commercially available software ANSYS-CFX was used to conduct 
computational modelling because it is available at USQ (USQ2010). CFX includes a 
wide variety of models that enable realistic modelling of many phenomena 
(ANSYS2009). USQ maintains a high performance computing (HPC) facility. The HPC 
facility has a 2.7 GHz AMD Opteron CPU processor speed, and 16 GB DDR2-667 
memory (for more details see (http://hpc.usq.edu.au/facilities/). 
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1.4.2 Experimental Investigations 
Experimental work was carried out using a non-intrusive method to measure the 
velocity field by a two-dimensional particle image velocimetry technique (2D PIV), 
as used in previous work in the fire-whirl case (Hassan et al., 2005) and thermocouple 
type K can measure the temperature at the hot air inlet and ambient air in laboratory. 
Finally, the CFD results will be validated with PIV measurements.  
1.5 Outline of the Following Chapters 
This chapter provides a brief introduction to the motivations for undertaking this 
research and its importance in many applications. A literature review of the 
performance of stationary split channels using fire, hot air or a hot surface as the heat 
source is presented in Chapter 2. The governing equations and computational fluid 
dynamics are introduced in Chapter 3. Chapter 4 illustrates the scaling analysis, its 
related validation, and modelling of the swirl flow inside the cylindrical split channel 
with two slots. Chapter 5 shows the experimental setup including the experimental 
facilities, technique and procures to conduct the experiments. The experimental results 
produced using the PIV system will be explained in Chapter 6. The comparison 
between the experimental results and their CFD results from the simulations will be 
presented in Chapter 7. All CFD parametric results concerning the effect of different 
parameters on the specified variables are presented in Chapter 8. The conclusion 
chapter including thesis summary, important points as a final reminder, and 
recommendations for future work is in Chapter 9 at the end of this thesis.  
1.6 Summary 
This chapter addressed five main points. Firstly, the motivation for undertaking this 
study and its expected potential applications such as in a fuel saver for high thermal 
efficiency, in a split solar chimney for high power production, in a split chimney for 
pollutant dilution, and in heaters. Secondly, the research question and hypothesis 
proposed in this thesis. Thirdly, the scope and objectives intended to be achieved in 
this research. Fourthly, the methodology of undertaking this study is briefly explained. 
Finally, the outline of the rest of this thesis is followed by the summary of this chapter.  
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2. Literature Review  
2.1 Introduction 
The swirl flow associated with turbulent eddies is significant in many mechanical 
applications. Applications of swirling flows include cyclone separators, swirling spray 
dryers, swirling furnaces, vortex tubes used for thermal separation and agitators 
(Kuroda and Ogawa, 1986). Currently, most swirl flows are generated using rotating 
parts which must be driven using an external power source. As a result, while these 
devices improve the overall efficiency of the system, they still cannot be categorised 
as green technology, and can be expensive to install. 
Reduced power consumption to produce a swirl flow is important in some applications. 
For example, the fuel saver aims to generate a swirl flow to mix fuel and air more 
efficiently in an internal combustion engine without using rotating or moveable parts. 
In addition, the Innovative asymmetric combustor is also used to increase the 
efficiency of some combustion processes due to the generated swirl flow. This 
configuration is stationary but the inlet air enters the cylindrical chamber under high 
pressure (Saqr et al. 2011; Saqr et al. 2010). A stationary vortex generator has been 
used to generate swirling fire in a laboratory to investigate the fire-whirl phenomenon. 
The necessary air to sustain the combustion reaction is entrained naturally due to the 
buoyancy-driven flow. Currently, some researchers are interested in inducing a swirl 
flow within a fire-whirl generator without fire, and they apply this technique for 
several applications: the swirl flow is induced as a result of the buoyancy and vorticity 
interaction. 
A variety of configurations has been proposed to reproduce fire-whirls. The 
configurations have different structures (e.g. square, circular, and hexagonal channels) 
and differ in the way that circulation is induced (number of gaps, size of gaps, shape 
of gaps) or the way that buoyancy is generated (fire supplying a hot air inlet, hot 
surface). In this section, only the previous relevant experimental and numerical 
research is presented. This is mainly due to the scope of this study. 
2.2 The Available Geometries of Investigated Configurations  
A variety of arrangements for the corner gaps are suggested, and they are presented in 
figure 2.1, which indicates from a top view the most common locations of the corner 
gaps. Four corner gaps are uniform and symmetrical. The wall may or may not extend 
from one side as shown in figures 2.1 (a) and 2.1 (b). The corner gaps can be placed 
between partitions extending along corners as shown in figure 2.1 (c). Figures 2.1 (d) 
and 2.1 (e) show the top view of a rectangular channel that includes only one corner 
gap and two symmetrical corner gaps respectively.  
A cylindrical channel with two slits is the second common configuration for generating 
fire-whirls. The channel is open at the top and the heat source is located at the bottom 
of the channel to generate upward buoyant flow. Three suggested enclosures are shown 
in figure 2.2. Figure 2.2 shows the top view of the enclosures. The two slits are uniform 
and made on the cylinder's wall symmetrically as displayed in figure 2.2 (a). The two 
symmetrical slits can be created by separating two halves of the cylinder as shown in 
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figure 2.2 (b). Figure 2.2 (c) shows the top view of a cylindrical channel that consists 
of two overlapping halves of a cylinder.   
The hexagonal, stationary channel with two or six symmetric corner gaps is the third 
configuration for generating fire-whirls. A variety of arrangements for the corner gaps 
have been suggested through previous studies and two typical enclosures are presented 
in figure 2.3. Their mechanism to create whirling fire is similar to previous enclosures: 
Two symmetrical corner gaps as displayed in figure 2.3 (a), and six symmetrical corner 
gaps as shown in figure 2.3 (b) entrain air into the generator.  
 
Figure 2.1 Top view of square channels with (a) four corner gaps between four extended walls from one edge 
(Satoh & Yang 1999), (b) normal four corner gaps (McDonough & Loh 2003), (c) extended four corner gaps 
between partitions (Ishikawa et al. 2007), (d) one corner gap (Chow & Han 2009; Zou et al. 2009), (e) two 
symmetrical corner gaps (Zou et al. 2009) 
                                           
                               (a)                                              (b)                                          (c) 
Figure 2.2  Top view of cylindrical channels with (a) two symmetrical side slits in wall of cylinder (Byram & Martin 
1962), (b) two symmetrical slits between two separated halves of a cylinder (Hassan et al. 2001), (c) two 
symmetrical slits through two overlapping halves of a cylinder (Kuwana et al. 2011). 
                                         
                                      (a)                                                   (b) 
Figure 2.3  Top view of hexagonal channels with (a) two symmetrical corner gaps and two symmetrical fixed angles 
(Chuah et al. 2011; Saito & Cremers 1996), (b) six extended symmetrical corner gaps (Chuah et al. 2011; Saito & 
Cremers 1996; Zhang et al. 2007). 
2.3 Previous Experimental Investigations 
This section addresses the previously published laboratory studies. These studies are 
divided into two groups. Firstly the earliest investigations of using split channels to 
produce swirl flow, whether they are tornadoes, or fire-whirls, are discussed. Secondly, 
the subsequent laboratory studies about generating the fire-whirl are discussed. 
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2.3.1 The Earliest Investigations of Experimental Observations  
The first experimental investigation was conducted to reproduce a waterspout in the 
laboratory. This study was conducted by Dines (1896) who organizes two sets of three 
joined glass windows (height=0.61 m and width=0.46 m) in such a way to produce 
two symmetrical splits (see figure 2.4). This configuration was located on a table, with 
a wooden sheet placed over it and a ventilated fan was constructed at port 0.8 m in 
diameter above the Dines’s channel. Heated water was positioned at the base of the 
configuration to generate the required steam. Vertical currents of air were produced 
along the centreline and then the water funnel was seen due to the ambient air coming 
from the slits when the fan was turned on.    
 
Figure 2.4 Top view of Dines’s configuration (Dines, 1896). 
The second study was by Miller (1955 a, b) who used Dines’s work as a starting point 
to improve its capacity to reproduce the tornado and the fire-whirl. He simply located 
the heat source at the base of a cylindrical split channel (see figure 2.5a) with two 
lateral gaps and a blower at the top of the channel to draw out the hot air. He could 
generate a tornado using the steam as a heat source (see figure 2.5b), and a fire-whirl 
using fire as a heat source (see figure 2.5c). Interestingly, he could also produce a 
tornado if the blower was off. However, it was not as strong as when the blower was 
on. 
 
Figure 2.5 Experimental setup for Miller’s study. (a) Experimental setup, (b) induced waterspout, (c) induced fire 
whirl (Miller, 1955). 
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2.3.2 Investigations of Fire-Whirls (Natural Induced Fire-Whirls) 
2.3.2.1 Review of Some Previously Published Studies 
Byram and Martin (1962) at the Sourthern Forest Fire Laboratory conducted an 
experiment to observe the fire-whirl behaviour. The configuration included a 
cylindrical shell 66 cm in diameter and 183 cm high, over which was mounted a 
truncated conical shell 152 cm high that tapered from a base of 66 cm diameter to a 
top of 33 cm diameter, as shown in figure 2.6. Air entered the chamber through two 
0.6 cm tangential slits located on opposite sides of the cylindrical section, producing 
rotation of the air inside. The heat source was an 11.4 cm diameter pool of burning 
alcohol located in the centre of the base of the cylinder. Byram and Martin (1962) 
observed a three-fold increase of the burning when the swirl starts occurring after 30 
to 40 seconds. The fire-whirl rotational speed was estimated to be about 6,000 to 
7,000 rpm. They also estimated that the updraft velocity was 64.4 to 80.4 km/h. 
      
                                                         (a)                     (b) 
Figure (2.6) Two sizes of fire wind whirl chambers of slightly different design: (a) small chamber forms whirls from 
0.4 to 0.9 m in height, (b) large chamber forms whirls up to 3.35 m in height (Byram and Martin 1962, p.14). 
Hassan et al. (2001) was the first study using the Particle Image Velocimetry (PIV) 
system to conduct experiments. They investigated the slit effect on the fire-whirl 
structure induced using a laboratory-scale fixed-frame. They measured the tangential 
velocity and vorticity at different heights, and visualized the fire-whirl. They placed a 
Pyrex pan (5 and 10 cm in diameter and 2 cm in height) at the centre of the enclosure 
floor which was made of two split cylinders. The total heat feedback rate was measured 
at the centre of the fuel surface by a water-cooled heat flux-meter (Gardon-gauge type). 
The visible flame height was measured by a video camera. Three different types of 
fuel (1-propanol, JP-8 and diesel fuel) were burnt separately and the size of the 
compartment slit opening was changed from zero (no fire-whirl) to 4 cm to study their 
effects on the air inlet velocity.  
Hassan et al. (2001) observed the significant effects of the slit distance on the inlet air 
velocity, which was at its maximum at a slit-distance of 1 cm (see figure 2.7). The inlet 
air velocity decreased continually with an increasing slit gap. They reported that the 
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maximum tangential velocities were observed at the flame boundary and reduced 
toward the flame centre and the inlets of entrained air. They discovered that the 
centreline vorticity was higher at the base of the channel. The 2-D flow map of velocity 
at two different heights shows insignificant effect of the height on the velocity, 
confirming a uniform entrainment flow along the channel. 
 
Figure 2.7 The effect of size of gap (width of gap) on the inlet air velocity (Hassan et al. 2001). 
Hayashi et al. (2011) conducted laboratory-scale fire-whirl experiments to study the 
mechanism of the increase in flame height in fire-whirls. This experimental setup was 
similar to the one that Hassan et al. (2005) used. Using a pair of split cylinders with 
axisymmetrically placed slits, a spinning flow was generated by the entrainment due 
to the buoyant upward flow. Hayashi et al. (2011) measured the tangential and radial 
velocity distributions using a tracer method. A halogen lamp was used as a light source, 
and a convex lens and a light-blocking board were used to produce a light sheet. Tracer 
particles (2.7 μm silica particles) were seeded around a fire-whirl for flow 
visualization. Particles were packed in a 3 mm diameter metal pipe, which was then 
inserted near the flame. Particles were seeded from the pipe, enabling flow 
visualization near the flame. The exposure time of the camera was set to be about 1/90–
1/180 s, and the depth of the irradiation region was set to be about 3 cm. They reported 
that the tangential and radial velocities did not match the Burger vortex because the 
absolute radial velocity increased along the radial distance and then decreased.  
Yu et al. (2013) undertook an experimental study to investigate the influence of the air 
inlet width on the fire-whirl’s combustion characteristics. The fire-whirl generator was 
a regular hexahedron frame. Each side was 200 cm as height × 100 cm as width and 
was made of glass. The oil pan was square (20 cm×20 cm×5 cm) and located at the 
middle of the generator. A collection smoke cover was placed above the generator. K-
type thermocouples (with a diameter of 2 mm) were used to measure the centreline 
temperature of the fire-whirl at different heights (25 cm, 45 cm, 65 cm, 85 cm, and 
105 cm). The fuel used was gasoline. The experiment included eight tests with 
different air inlet widths (10 cm, 15 cm, 20 cm, 25 cm, 30 cm, 35 cm, 40 cm, and 
45 cm), which were fixed for each test. All the tests were carried out in a closed room. 
Yu et al. (2013) found that the eight tests at different air inlet widths could be divided 
into four groups based on the temperature. Firstly, at air inlet widths of 25 cm and 
30 cm, the combustion centreline temperature was the highest and the generated fire-
whirl was stable. Secondly, at air inlet widths of 20 cm and 35 cm, the centreline 
temperature was lower. Thirdly, for air inlet widths of 40 cm and 45 cm, the generated 
fire-whirl was weak and unstable. Finally, at air inlet widths of 10 cm and 15 cm, the 
centreline temperature was the lowest because the fire pool did not produce a fire-
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whirl. It can be concluded that the temperature of the fire-whirl first increases and then 
decreases with the increase of air inlet width. If the air inlet is too small, the flow 
around the flame cannot rotate. If the air inlet is too large, the entrainment velocity is 
too slow and the formed fire-whirl is weak and unstable. 
Hayashi et al. (2013) conducted their experimental measurements of radial and 
tangential velocities of fire-whirls induced using one of the split channels reported in 
Kuwana’s study (Kuwana et al. 2011). In addition, Hayashi et al. (2013) investigated 
the effect of the height of the fire pool on the height of the flame (the formation of a 
fire-whirl). Their configuration was a cylindrical split channel with a height of 1 m, 
width of gap of 0.04 m, depth of gap of 0 m (the halves of the split channel were 
translated in the same plane as the cut), diameter of channel of 0.19 m, and inlet 
diameter of fire pool of 0.049 m. The fuel used was methanol. They used the tracer 
method to measure the tangential and radial velocities. This method uses a halogen 
lamp as a light source, a convex lens, a light-blocking board, tracer particles, and an 
image recorder. The silica particles (2.7 µm) were used as seeds around the fire-whirl, 
and the top-view images were recorded with an exposure time of 1/90-1/180 s. Their 
results show that the tangential and radial velocities at different heights (2 cm and 
10 cm) are not significantly different due to the circulation being nearly uniform and 
steady. The tangential velocity is higher than the radial velocity and both of them 
increase from their minimal values at the centre of the flame and then increase to reach 
their peak values before they decrease near the wall. Hayashi et al. (2013) also found 
that by changing the distance between the top rim of the pool and floor level from zero 
to 20 cm, the height of the flame decreases from 25 cm to 12 cm due to the decreased 
inflow around the fire-whirl. It can be concluded that increasing the height of the inlet 
decreases the circulation and, consequently, the generation of the fire-whirl.  
In his experimental study, Park (2011) examined the effect of the height of the fire 
source on the air entrainment rate of a fire-whirl. He used a square channel with four 
corner gaps 105 cm in height, and a cross-sectional area of the channel of 
45 cm×45 cm. Methanol and n-heptane was used as fuel. Park (2011) used the 
multichannel Anemomaster Model 1550 to measure the mass flow rate and the 
entrainment velocity at the slots; zero, 15 cm, and 30 cm were the heights of the fire 
source under test. Park (2011) found that the increase in the height of the fire source 
from zero to 30 cm caused the average air entrainment rate to decrease from 
84.04 mm/s to 63.8 mm/s at a height of 10 cm from the base of the split channel. 
Additionally, the average air entrainment rate decreases from 0.13 mm/s to zero at a 
height of 60 cm when the fuel used was methanol. As a general trend, the air 
entrainment rate along the gap increased and reached its peak value at 30 cm of the 
channel height, and then decreased to minimal values at the top of the channel.  
Kuwana et al. (2011) conducted visualisation experiments using methane and ethanol 
as gaseous and liquid fuels to address the effect of the swirl flow on flame length when 
circulation has not affected the flame length in comparison to the corresponding fire 
pool without spin. They used a split cylinder with an axisymmetrically-placed slits 
configuration similar to Hassan et al. (2005). An ethanol fire pool and a methane 
burner flame were placed in such a manner that the top rim of the pool or the burner 
coincided with the floor level. Split cylinders of four different diameters (D=7.4, 11.4, 
19.0, and 29.0 cm) were used with a slit distance, l, varied from 0.5 to 3.0 cm. Four 
different pool diameters (d=1.3, 2.1, 3.0, and 4.9 cm) were used, while the methane 
burner diameter was fixed at d=3.0 cm. The burning rate of the methane burner flame 
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was fixed, whereas that of the ethanol fire pool varied depending on the heat flux from 
the flame. Kuwana et al. (2011) found that a fire-whirl can be generated and the flame 
length was extended more in the case of using liquid fuel than gaseous fuel, even with 
a weak circulation. 
Fire-whirls have been experimentally generated using a cylindrical split cylindrical 
enclosure with only one gap (Palmer 1979). The main purpose of this study was to 
show that there is a similarity between laboratory and real vortices in terms of the 
advance angle of the flow around the exterior of the solid vortex. In this research, the 
cylindrical channel had a height of 183 cm, the fuel pool was 12.7 cm in diameter, and 
the diameter of the cylindrical split channel was 112 cm. The cylinder was twisted so 
that the single slit (of width 10 cm) spiralled up the cylinder. First Palmer boiled water 
to visualize the swirl vapour and then he used fuel and applied impulses to create 
perturbations using flat plates (effective size of 10 cm×20 cm) at different angles to 
the centreline axis of the fire-whirl. The main results showed that a fire-whirl was 
generated even with a one-gap cylindrical split channel, and both with and without the 
effective perturbation impulses (produced with a plate located at an angle of 30° to the 
centreline of the fire-whirl and moved at a velocity of 30 cm/s).  
Recently, Hartl and Smits (2012) conducted a qualitative study on the fire-whirl using 
a cylindrical enclosure as a preliminary stage of their research. The diameter of one 
half of the cylinder was 0.3048 m and it was 1.2192 m tall. An LPG burner was 
0.0381 m in diameter. They observed that the stability of the swirling fire is the result 
of good design of the fire-whirl generator and this design can be achieved if the 
relationship between the cylinder height, cylinder diameter, slit length, burner 
diameter and fuel type is known by using either dimensional analysis or experiments. 
Hartl and Smits (2012) only visualized the generated fire-whirl using the cylindrical 
split enclosure. 
Hartl and Smits (2012) focused on getting more accurate results of velocity profile 
measurements inside and outside the fire-whirl using the PIV system and they suggest 
using sooty fuel to provide sufficient seeding.  
In their review, Chow and Han (2009) conducted an experimental investigation into 
onsetting internal fire-whirls in a small vertical shaft to understand the physics behind 
this phenomenon and know the conditions when onsetting occurs to assess the risk 
associated with it. The small vertical shaft size was 35 cm x 34 cm, with a height of 
145 cm and it was made of transparent material. The fire pool had a diameter of 7 cm 
using propanol and was placed at ground level. Chow and Han (2009) undertook two 
groups of tests. Firstly, they examined the effect of the width of the gap (thirteen values 
from 0.9 cm to 3.6 cm) on the onsetting of the fire-whirl. Secondly, they tested the 
effect of the position of the vertical gap on the generation of the whirling flame (see 
figure 2.8). The observed that onsetting occurred if the width of the gap was larger 
than the critical width of the vertical gap (1.6 cm), while it did not onset for widths of 
gap less than the critical distance. Additionally, Chow and Han (2009) reported that 
blocking the air supply at the lower part of the vertical gap as in tests B2, B3, and B4 
would not onset fire-whirls. However, a fire-whirl was induced in test B1. 
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Figure 2.8 The test of effect of gap position (adapted from Chow & Han, 2008). 
Dobashi et al. (2011) conducted the first small scale experiment and its related analysis 
using the Pi theorem to investigate the relationship between the flame height and 
burning rate. They generated the swirl flame using a cylindrical split channel with 
different pool diameters (D=1.4, 2.1, 3.1, and 4.9 cm). The fuel used was ethanol; in 
addition, they fixed the geometrical dimensions of the split channel as 6D and 0.4D 
for the diameter of the split channel and the distance of slot, respectively. They first 
attempted to examine the effect of a swirl flow on the height of the swirl flame and 
mass burning rate (consequently the average evaporating fuel vapour flow velocity). 
Their experimental results showed that both the height of the swirl flame and the 
evaporating vapour flow velocity increases in the case of generation of a fire whirl. 
Secondly, they started scaling using dimensional analysis by the Pi theorem to 
correlate the height of the swirl flame with the expected important parameters 
(circulation, pool diameter, specific heat of vapour fuel, heat release in a unit area of 
pool, dynamic viscosity, temperature and the density of fuel vapour, temperature 
increase by combustion, density increases by combustion, and the acceleration of 
gravity). By examining the dimensionless group experimentally, they found that the 
dimensionless flame height is proportional to Re and there was no clear relation 
between the dimensionless flame height and the Froude number. As a result, the swirl 
flow and buoyant effect have little direct impact on the flame height where the fuel 
evaporating rate could be a controlling parameter. Although the main aim of this study 
was related to the flame height, which seems irrelevant to the present research, the 
methodology of this paper which used the scaling analysis with an experimental 
validation is a useful tool for this research to be achieved to correlate the parameters 
with each other. 
2.3.2.2 Heat Source 
The location, shape, lip height, and size of the heat source all influence how a fire-
whirl is induced. Experiments show the location of the fuel pan is important. It was 
observed that an off-centre fuel pan prevented generation of a fire-whirl, while the 
central fuel pan at ground level can provide a swirling flame (Satoh & Yang 1996). It 
has been shown that a circular fuel pool induces a fire-whirl faster than a square one 
(Zou et al. 2009). The lip height of the fuel pan seems to have little effect on the 
burning rate of fire-whirls (Lei et al. 2011). For a specific configuration, as long as the 
pan diameter increases, the whirling flame height increases (Satoh & Yang 1996).  
With respect to the fuel phase, most experimental works utilize liquid fuels such as 
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ethanol, propanol, n-heptane, gasoline, or kerosene. Gaseous fuels are also used in 
some research (Matsuyama et al. 2007; Satoh & Yang 1996). The increase of flame 
length for gaseous fuels is less than the increase of flame length for liquid fuels in the 
case of weak circulation (Kuwana et al. 2011).   
2.3.2.3 Geometry Effect 
The geometry of the enclosure governs the combustion process and the stability of the 
fire-whirl (Satoh & Yang 1997). The geometrical parameters of the enclosure include 
the number, the height, and the size of the wall gaps. 
In an experimental work (Satoh & Yang 2000), a square channel with only one corner 
gap was used. The results showed that the air flow through the gap was not sufficient 
and additional air flow was drawn into the channel from the top opening. The 
interaction of hot gas (moving upward) and cool air (moving downward) created an 
extremely unstable shear zone. They observed that downward movement of the cool 
air generated a horizontal fire-whirl with a high destructive power located near the 
lower parts of the channel. Yang and Chow (2009) observed from their simulations 
that the fire-whirl can be reproduced more easily within a channel with two corner 
gaps than a channel with one corner gap. In an experiment carried out by Chow and 
Han (2009), the square channel included a single corner gap plus four bottom openings. 
A fire-whirl was not observed for tests with openings less than a specific value, but by 
increasing the gap width, a fire-whirl was generated and its stability increased and 
became quite stable. Chow and Han (2009) also blocked part of the gap and found that 
blocking the air supply at the lower part of the vertical gap would not onset fire-whirls. 
It was shown that any modification of the corner gaps altered the combustion rate as 
well as the plume dynamics for four-corner gap configurations (Ishikawa et al. 2007). 
Both experimental and numerical results indicated that rotation and rotation intensity 
were affected by the width of the corner gap (Zou et al. 2009). Furthermore, 
experiments indicated a very small or very large gap size is incapable of generating a 
fire-whirl (Huo et al. 2011; Zou et al. 2009). A very small gap size in a four-gap 
channel promotes downward flow of ambient air from the top opening, similar to that 
described for one-gap channels (Satoh & Yang 1998). The entrainment flow velocity 
decreases as the gap size increases (Satoh & Yang 1997) and initiation of fire-whirl is 
delayed as gap size increases (Satoh & Yang 1997; Zou et al. 2009). There is no swirl 
if the width of the gaps exceeds a critical value (Satoh & Yang 1998).  
The number of walls of the channel has an effect on onsetting a fire-whirl. According 
to Satoh and Yang (1996), other experimental work shows that fire-whirls can be 
generated even if one or two walls of the channel are removed. However, in those 
cases, the occurrence of fire-whirls is more sensitive to the location of the fuel pan and 
the intensity of the heat source. 
2.3.2.4 Velocity Profile 
There are several experimental and numerical studies to estimate the velocity 
distribution inside the enclosure. Most researchers report that the visualization of 
vector map of top view for entrained flow tends to remain parallel to the wall 
(McDonough & Yang 2003), and then changes its direction towards the central upward 
plume, thus inducing the swirling motion in the buoyant plume (Satoh et al. 2000). It 
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should be noted that the swirling motion of the continuous zone (the bottom zone of 
the swirl flame) is constant; however, ‘the entrainment velocities decrease as the height 
of channel increases’ (Satoh & Yang 1996). This reduction of entrainment velocities 
did not decrease the circulation with the increase of height in the continuous zone. 
According to Lei et al. (2011), for the continuous flame zone, the ambient circulation 
remains nearly constant in the axial direction.  
In a comprehensive experimental work (Satoh & Yang 1999), it was found that the 
angular velocity of the flame changes with the height and reach to the highest value at 
the mid-height of the channel. They defined a dominant angular velocity which was 
measured to be 17 Hz in their configuration.  
The centreline velocity of a fire-whirl has been investigated both experimentally and 
numerically. In an experimental work (Satoh & Yang 1999), it was found that the axial 
velocities at the centreline reach their highest values in the mid-height region, while 
the lowest values are generated in the upper region. Recently, Zou et al. (2011) 
conducted experiments using a medium-scale facility to study the initiation 
mechanism, the vertical velocity, and the radiative heat transfer of fire-whirls. They 
stated that the fire-whirl centreline velocity increases with increased height in the 
flame zone as follows:  
𝑉𝑧~𝑧
0.17Γ
0.22
                0.01 ≤  𝑄∗̇  ≤ 46.1                                 (2.1) 
In addition, it then decreases versus the height in the plume zone as follows:  
𝑉𝑧~𝑧
−0.66Γ
0.77
               0.002 ≤ 𝑄∗̇ ≤ 0.01                                  (2.2) 
𝑄∗̇ = ?̇?/(𝐶𝑝𝜌∞𝑇∞𝑧
5/2𝑔1/2)                                               (2.3) 
Where: 
𝑄∗̇ : Dimensionless heat release rate,  
?̇?:   Heat release rate (kW), 
T∞: Temperature of ambient air (K), 
𝜌∞: Density of ambient air (kg/m
3), 
𝐶𝑝: Specific heat of ambient air at atmospheric pressure (J/kg·K) 
Vz: Centreline velocity (m/s), 
z:   Vertical distance from the ground (m), 
Γ: Circulation (m2/s) assumed to be independent on r (radial distance from the 
centreline (m)).  
2.3.2.5 Temperature Profile 
The axial and radial temperature distributions have been investigated through many 
experimental studies. First, heat release rates determine flame temperatures of fire-
whirls, but they are not very sensitive to the gap size (Satoh & Yang 1997). Fire-whirls 
maintain a higher maximum centreline temperature in the continuous flame region, as 
compared to general fire pools (Lei et al. 2011). It has been found that the central 
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vertical time-averaged temperature of fire-whirls decreases immediately above the 
base and then reaches a maximum value at the middle of the flame (Matsuyama et al. 
2007; Satoh & Yang 1999). Satoh et al. (2000) measured the centreline temperatures 
at different heights of swirling flame and found that the maximum temperature was 
around 1,173.15 K in the lower zone and was nearly 1223.15 K in the middle zone. It 
has been found that in the plume region, the centreline temperature reduces rapidly 
with height and approaches the theoretical value of (z-5/3) for the free buoyancy plume 
(Lei et al. 2011).  
2.4 Previous Investigations of Fire-Whirl Using 
Computational Studies  
Fire-whirls can be studied by computer-based numerical simulation. The results are in 
reasonable agreement with the experimental observations and measurements (Satoh & 
Yang 1997). However, some aspects of the numerical results are not in agreement with 
the experiments (Ishikawa et al. 2007). Some of the previously reported numerical 
simulations could not produce any rotation (Zou et al. 2009). However, Zou et al. 
(2009) added another gap and then tested the effect of the width of the gap on the 
centreline velocity. Their Large Eddy Simulation (LES) results showed that by 
increasing the width of the gap, the centreline velocity decreases and then increases 
when the width of the gap is less than 0.3 m, and then decreases continually when the 
width of the gap is further increased. 
Governing equations, boundary conditions, and assumptions of numerical simulations 
are discussed in this section. Satoh and Yang (1997) simulated the swirling fires in a 
square enclosure with symmetrical vertical corner gaps using commercial software 
called UNDSAFE (University of Notre Dame Smoke and Fire in Enclosures). The 
software does not model combustion but has the capability to model turbulence and 
accounts for full compressibility, transparent thermal radiation, and strong buoyancy. 
However, Satoh and Yang assumed constant viscosity and Prandtl number and ignored 
radiation effects to simplify the computation. Since there was no combustion, the 
governing equation only includes three-dimensional conservation equations for 
momentum, mass and energy. The numerical domain extended to outside the enclosure, 
and the effect of wall extensions at the gaps was calculated. Non-slip condition was 
assumed for all the walls. The entrainment flow was at ambient temperature and the 
flow leaving the enclosure had vanishing normal temperature gradients. A cylinder 
over the fuel pan with cross-sections identical to that of the fuel pan was used to model 
the flame. Based on their previous experimental work, non-uniform distribution of heat 
release rate was considered. For the first 5% of the flame height, Satoh and Yang (1997) 
assumed that the heat release rate was nine times higher than a standard amount. This 
was reduced to three times the unit heat release rate for the next 25% of the flame 
height, and down to one unit heat release rate for the rest of the flame. The total heat 
release was 20 kW, which represented the experiments using heptane as a fuel (Satoh 
& Yang 1997). The authors pointed out that the model could predict a time-dependent 
velocity field and the temperature field inside the enclosure to a satisfactory precision 
compared to those observed in their experiments. 
Farouk et al. (2000) carried out simulation of fire whirl induced within square duct 
with four corner gaps. They assumed constant hear released rate, and pressure specific 
heat. Their aim was to study the effect of width of gap on the generation of swirling 
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flame. They found at with of gap of 0.1 m, the swirling flame was induced quickly; in 
addition, they reported that entrainment flux in kg/m2.s along the gap is higher at the 
base and it decreased with the increase of gap width as Satoh and Yang (1997) 
discovered experimentally. However, by changing the width of gap from 0.05 m to 0.3 
m, the flame was not extended and its movements were strong.  
Snegirev et al. (2004) conducted a numerical study to simulate the fire-whirl generated 
at room scale (1-10 m) with a ventilation opening and a door. They used Fire3D 
software to model the fire-whirl, which did not include the effect of whirling motion 
in the turbulent models, which was subsequently modified (Gao & Chow, 2010). They 
compared the predicted and observed flow and they concluded that the model is in 
reasonable agreement with the experimental observations. The centreline velocity and 
temperature produced by the model were increased by the increase of circulation. 
Hassan et al. (2005) conducted a computational fluid dynamics (CFD) study using 
FLUENT to model the fire-whirl in their previous study (Hassan et al. 2001). Their 
assumptions were simple. Firstly, a fire-whirl is a 2D phenomenon; secondly, the 
Boussinesq approximation is sufficient to capture high temperature (density) 
variations between the ambient surroundings and the fire. Third, ignoring the 
modelling of turbulent eddies leads to accurate predictions (laminar flow was 
assumed). Forth, the gas properties are constant. In this research, the aim is to 
investigate the flow structure of a fire-whirl and to have a simple CFD model to 
calculate both flow and temperature fields. Hassan et al. (2005) concluded that the 
assumptions were sufficient to provide qualitative agreement between the calculated 
and measured velocity profiles. They also found that both the tangential and absolute 
radial velocities increase with the increase in radial distance, while they remain 
relatively constant along the axis. 
A room-scale vertical square channel with one and two gaps has been simulated in 
order to understand the generation mechanism and structure of a plume-driven fire-
whirl (Zou et al. 2009). They performed the numerical simulations by using the Fire 
Dynamics Simulator (FDS) program, with the flow modelled using LES. The software 
approximates the governing equations on a rectilinear grid. In the simulation, the 
geometric features of the circular fuel pool did not conform to the rectangular grid. 
The circular fuel pool was modelled using a process called “stair stepping”. The 
computational domain was the same as the experimental domain (2.0 m × 2.0 m × 
8.0 m) and the heat release rate per unit area was fixed at 5,000 kW/m2. The input heat 
release rate increased from zero to the maximum at 50 s. Zou et al. (2009) assumed 
wall boundary conditions for the floor (concrete) and the vertical walls (steel plate) 
and the boundary conditions for the gaps were set to open. The simulation of a one-
gap channel did not show any obvious whirling flow, unlike in the experiment. 
However, good results were obtained for the two-gap channel. 
Ishikawa et al. (2007) undertook a numerical study in order to reproduce fire-whirls 
virtually and validate it with their experimental results. The top view of their 
configuration is shown in figure 2.1c, and the configuration consists of four partitions, 
each 1.5 m in height. They used three different heat release rates (10, 15, and 20 kW), 
and a square fire source with a side of 0.2 m (half of the enclosure side) which 
corresponds with 320 kW/m2, 477 kW/m2, and 640 kW/m2 respectively. The gap 
between partitions was 0.05 m. The numerical domain was the area surrounded by the 
partitions. The cell sizes were 0.67 cm and 1.625 cm in the horizontal and vertical 
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directions respectively. The results of their numerical work did not match with their 
experimental work, thus some modifications were applied to resolve this issue. 
Ishikawa et al. (2007)  halved the length of the fire source and assumed larger viscosity 
coefficients by changing the Smagorinsky constant from 0.20 to 0.25. Furthermore, 
some thin plates were placed in front of the thermocouples in the experiment in order 
to shield them from radiation; this was not modelled. The temperature distribution after 
applying the modifications was very close to the experimental values but the flame 
height and mean velocity were still significantly different. The mean velocity and 
flame height before and after the modifications were compared with the experimental 
values. According to their comparison, the computational values became closer to the 
experimental results after the modification. As a final comment, Ishikawa et al. (2007) 
concluded that further modifications to the combustion model are necessary. 
The common CFD packages used to study fire-whirls are UNDSAFE (Satoh & Yang 
1997), Fluent (Hassan et al. 2005 & Kuwana et al. 2011), Fire Dynamics Simulator 
(FDS) (Zou et Al. 2009), STAR-CD (McDonough & Loh 2003), and Fire3D (Snegirev 
et al. 2004). Additionally, the common turbulent models used to model fire-whirls 
were large eddy simulation (LES) (Al Farouk et al. 2000) and unsteady RANS 
(Snegirev et al. 2004). 
2.5 Conclusion 
This chapter covered the previously published studies about the inducing of a fire-
whirl inside stationary enclosures, and it is divided into five sections. Firstly, the 
introduction to this chapter included background on the swirl flow application and how 
it is generated for industrial purposes was presented. Secondly, review of the available 
geometries of the investigated stationary configurations was mentioned. Thirdly, the 
previous investigations of experimental observations were reported, from the earliest 
investigations to modern investigations of fire-whirls (natural induced fire-whirls). 
These later investigations were studied in-depth to review the heat source effect, 
geometry effect, velocity profile and temperature profiles. Fourthly, the previous 
investigation of computational studies for fire-whirls was summarized. Finally, the 
general conclusions were drawn for this chapter, including the gaps in the literature. 
Two major conclusions from previous studies of natural induced fire-whirls can be 
identified. Firstly, many studies have been carried out to generate a natural induced 
fire-whirl using a split enclosure in the laboratory at small and medium scale. None of 
these studies attempted to use the mechanism of fire-whirl generation for any industrial 
applications but they addressed the flow structure of fire-whirls experimentally and 
numerically to understand this phenomenon from the perspective of the fire safety field. 
Usage of the induced fire-whirl mechanism (replacing the fire source with another 
freely available heat source) to model a stationary split enclosure for industrial 
applications has not previously been investigated and is important. Secondly, the 
collected knowledge from the wide range of previous studies of the natural induced 
fire-whirl is not completely relevant to induce a swirling hot airflow using 
incombustible heat sources. Certainly, qualitative effects of the expected generation of 
rotational flow from turbulent mixing can be predicted. Therefore, experimental and 
numerical studies are necessary to provide clear explanation and quantitative 
information on hot swirl airflow. It is important to have validations of the CFD models, 
used to represent this sort of swirl flow, to have accurate and reliable numerical 
simulations that can replace the experimental work in future studies. The next chapters 
Chapter 2 - Literature Review  
 
__________________________________________________________________________________ 
Safia R. Al Atresh                                                                                                              26 
 
in this thesis will address the work undertaken in the scope to achieve this goal. The 
cylindrical split channel was chosen to be studied in this research because the common 
geometry of the expected applications is cylindrical, as reported in chapter 1.  
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3 Governing Equations and Computational Fluid 
Dynamics (CFD)  
3.1 Introduction  
This chapter present the basics of the CFD code used to conduct the required numerical 
investigations for this study. The solving of the governing question can be conducted 
using density or pressure as the basis. For the density-based solver, the density is 
estimated from the continuity equation directly and the pressure from the equation of 
state. As result, the density, three velocity components, and energy are calculated as 
the primary dependent variables by solving five transport equations. the pressure and 
temperature are treated as the secondary dependent variables, and are calculated from 
the equation of state and the energy respectively. for the pressure-based solver, the 
pressure is treated as one of the primary dependent variables and is dependent on space 
and time. Hence, this method calculates the pressure, three velocity components, and 
energy by the solving five transport equations (Farmer et al 2009). ANSYS-FLUENT 
can use either the density-based solver or the pressure-based solver. However, 
ANSYS-CFX can only use the pressure-based solver (ANSYS, 2013).  
Direct Numerical Simulations (DNS) resolves the whole range of spatial and temporal 
scales of the turbulence. This is due to fact that it solves the Navier-Stokes equations 
without any turbulence model, so that it is very accurate, but is extremely 
computationally expensive. This feature makes solving flows of engineering interest, 
such as with complex geometries or flow configuration, unrealizable for DNS. Another 
model for turbulence in computational fluid dynamics is Large Eddy Simulations 
(LES), in which the smallest scales of the flow are removed through a filtering 
operation. This allows the largest and most important scales of the turbulence to be 
resolved, while greatly reducing the computational cost incurred by the smallest scales. 
It also models the smallest (and most expensive) scales of the solution, rather than 
resolving them as DNS does. This makes the computational cost for practical 
engineering systems with complex geometry or flow configurations attainable. 
However, this method requires greater computational resources than Reynolds 
Averaged Navier-Stokes (RANS) methods, but is far cheaper than DNS. RANS 
methods model the original unsteady Navier-Stokes equations by the introduction of 
averaged and fluctuating quantities. The RANS equations can be used with 
approximations based on knowledge of the properties of the turbulence in the flow to 
give approximate time-averaged solutions to the Navier-Stokes equations. Simulation 
using the RANS equations greatly reduces the computational effort compared to DNS 
or LES and is generally adopted for practical engineering calculations. Note that it is 
generally impossible to obtain the analytical solution of the 3D Navier-Stokes 
equations and heat question. 
This chapter presents the governing equations that must be solved and the method used 
in this study. Through this chapter, seven sections cover the required information to 
achieve CFD simulation. First, the introduction with some background information, 
second, the governing equations of the flow under study are presented, third, the SST 
model equations are presented with related constants. Forth, the general information 
about CFD are reported, fifth, the advantages of using CFD codes are shown, sixth, 
the general procedure for using CFD codes to produce a numerical solution. Finally, 
conclusions of chapter are drawn. 
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3.2 The Governing Equations 
The continuity, RANS momentum, Reynolds averaged energy equations, and the 
equations of SST model are numerically solved by ANSYS-CFX software. This 
software is based on Finite Volume Method (FVM). The FVM has an advantage in 
memory usage and solution speed, especially for large problems, high Reynolds-
number turbulent flows, and source-term dominated flows. Applying this method, the 
spatial domain under study is first discretised using a mesh. The mesh is used to 
construct finite volumes, which are used to conserve relevant quantities such as mass, 
momentum, and energy. The FVM has advantages such as the finite volumes do not 
limit cell shape; also, the mass, momentum and energy are conserved even on a coarse 
grid. The finite volume discretization transforms the differential equations governing 
the flow in a linear system of algebraic equation that is iteratively solved. The 
calculated values of the variables are assigned to the centroids of each of the volumes. 
RANS approach has been developed on the idea of decomposing the velocity 
components, the pressure and the density (if the flow is compressible) into two parts: 
a time-averaged part and a fluctuating part. For example, a velocity 𝑈𝑖  may be divided 
into an average component 𝑈?̅? and a time varying component 𝑢𝑖  as: 
𝑈𝑖 = 𝑈?̅? + 𝑢𝑖                                                                (3.1) 
RANS momentum equations have been obtained introducing equation (3.1) in the 
Navier-Stokes equations as follows: 
𝜕(𝜌𝑈𝑖)
𝜕𝑡
+
𝜕
𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗) = −
𝜕𝑝
𝜕𝑥𝑖
+
𝜕
𝜕𝑥𝑗
(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) + 𝑆𝑀                                   (3.2) 
where t is the time, xj is each component of flow, p is average pressure, 𝜌 is the density, 
𝜇 is the dynamic viscosity of the fluid, 𝜏𝑖𝑗 are the stress tensor components, 𝑆𝑀 is the 
sum of body forces, and 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ are the Reynolds stresses which introduce additional 
unknowns.  
Natural convection flows and flows in which gravity is important can be modelled by 
CFX by the inclusion of buoyancy source terms in the momentum equations. The full 
buoyancy model (density difference) can be modelled in CFX: 
𝑆𝑀 = (𝜌 − 𝜌𝑟𝑒𝑓) × 𝑔𝑖                                                                           (3.3) 
where gi is the component of gravity in the direction of xi. When buoyancy is modelled, 
the pressure in the momentum equation excludes the hydrostatic gradient due to 𝜌𝑟𝑒𝑓. 
This pressure is related to the absolute pressure as follows: 
𝑝𝑎𝑏𝑠 = 𝑝 + 𝑝𝑟𝑒𝑓 + 𝜌𝑟𝑒𝑓?̇?𝑖(?̇? − 𝑟𝑟𝑒𝑓̇ )                                                            (3.4)  
Where: 
p: Static pressure, pa, 
𝑝𝑟𝑒𝑓:Reference pressure, pa, 
𝑝𝑎𝑏𝑠: Absolute pressure, pa, 
𝑟𝑟𝑒𝑓: Reference location. 
So Equation 3.2 becomes: 
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𝜕(𝜌𝑈𝑖)
𝜕𝑡
+
𝜕
𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗) = −
𝜕𝑝
𝜕𝑥𝑖
+
𝜕
𝜕𝑥𝑗
(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) + (𝜌 − 𝜌𝑟𝑒𝑓) × 𝑔𝑖               (3.5) 
The continuity equation is: 
𝜕𝜌
𝜕𝑡
+
𝜕
𝜕𝑥𝑗
(𝜌𝑈𝑗) = 0                                                                   (3.6) 
The Reynolds averaged energy equation is: 
𝜕𝜌ℎ𝑡𝑜𝑡
𝜕𝑡
−
𝜕𝑝
𝜕𝑡
+
𝜕
𝜕𝑥𝑗
(𝜌𝑈𝑗ℎ𝑡𝑜𝑡)
=
𝜕
𝜕𝑥𝑗
(𝜆
𝜕𝑇
𝜕𝑥𝑗
− 𝜌𝑢𝑗ℎ̅̅ ̅̅ ) +
𝜕
𝜕𝑥𝑗
[𝑈𝑖(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅)] + 𝑆𝐸                      (3.7) 
where 𝜌𝑢𝑗ℎ̅̅ ̅̅  is the turbulent flux term, 𝜆 is thermal conductivity, 
𝜕
𝜕𝑥𝑗
[𝑈𝑖(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅)] 
is the viscous work term, 𝑆𝐸  is energy source. 
The mean Total Enthalpy is given by: 
ℎ𝑡𝑜𝑡 = ℎ +
1
2
𝑈𝑖𝑈𝑖 + 𝑘                                                                          (3.8) 
where 𝑘 =
1
2
𝑢𝑖2̅̅ ̅  is the turbulent kinetic energy.  
In this study, the reference density used was zero. 
3.3 Shear Stress Turbulence Model (SST)  
The Shear Stress Turbulence (SST) model was developed by Menter (1994) and 
accounts for the transport of the turbulent shear stress. It gives highly accurate 
predictions of the onset and the amount of flow separation under adverse pressure 
gradients and it is considered one of the Transition Model (ANSYS, 2013). Tu et al. 
(2008), reported that 
Menter proposed to combine both the standard 𝑘-𝜀 model and 𝑘-𝜔 model, which retains the properties 
of the 𝑘-𝜔 model close to the wall and gradually blends into the standard 𝑘-𝜀 model away from the 
wall. This Menter’s model has been shown to eliminate the free-stream sensitivity problem without 
sacrificing the 𝑘-𝜔 model near-wall performance. 
 Transport Equations 
𝜕(𝜌𝑘)
𝜕𝑡
+ 
𝜕(𝜌𝑢𝑗 𝑘)
𝜕𝑥𝑗
= 𝑃 − 𝛽∗𝜌𝜔𝑘 + 
𝜕
𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘 𝜇𝑡)
𝜕𝑘
𝜕𝑥𝑗
]             (3.9) 
𝜕(𝜌𝜔)
𝜕𝑡
+ 
𝜕(𝜌𝑢𝑗 𝜔)
𝜕𝑥𝑗
=
𝛾
𝑣𝑡
𝑃 − 𝛽𝜌𝜔2 +
𝜕
𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔𝜇𝑡  
𝜕𝜔
𝜕𝑥𝑗
)]      + 
2(1 − 𝐹1)
𝜌𝜎𝜔2 
𝜔
𝜕𝑘
𝜕𝑥𝑗
𝜕𝜔
𝜕𝑥𝑗
                            (3.10) 
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𝑃 = 𝜏𝑖𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗
                                                                            (3.11) 
𝜏𝑖𝑗 = 𝜇𝑡 (2𝑆𝑖𝑗 −
2
3
𝜕𝑢𝑘
𝜕𝑥𝑘
𝛿𝑖𝑗) −
2
3
𝜌𝑘𝛿𝑖𝑗                                (3.12) 
𝑆𝑖𝑗 =
1
2
 (
𝜕𝑢𝑖
𝜕𝑥𝑗
+
𝜕𝑢𝑗
𝜕𝑥𝑖
)                                                      ( 3.13) 
P: is the production term 
 Modelling Turbulent Eddy Viscosity  
In 2003, Menter modified the original SST model and the main change was in the 
definition of the turbulent eddy viscosity using the strain invariant rather than 
magnitude of vorticity.  
𝑣𝑡 =
𝑎1 𝑘
𝑚𝑎𝑥(𝑎1 𝜔, 𝑆𝐹2)
                                               (3.14) 
𝑣𝑡 = 𝜇𝑡 𝜌⁄                                                             (3.15) 
F2: Blending Function which is similar to F1 , 
S: an invariant measure of the strain rate. 
Each of the constants is a blend of an inner (1) and outer (2) constant, blended via: 
𝜙 = 𝐹1𝜙1 + (1 − 𝐹1)𝜙2                                            (3.16) 
Additional functions are based on the blending functions which are critical to the 
success of the method. Their formulation is based on the distance to the nearest surface 
and on the flow variables:  
𝐹1 = 𝑡𝑎𝑛ℎ (𝑎𝑟𝑔1
4 )                                             (3.17) 
with  
𝑎𝑟𝑔1
4 = 𝑚𝑖𝑛 [𝑚𝑎𝑥 (
√𝑘
𝛽′𝜔 𝑦
,
500𝜈
𝑦2 𝜔
) ,
4𝜌𝑘
𝐶𝐷𝑘𝜔𝜎𝜔2 𝑦2
]                          (3.18) 
where y is the distance to the nearest wall, 𝜈  is the kinematic viscosity and  
𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 [2𝜌
1
𝜎𝜔2 𝜔
𝜕𝑘
𝜕𝑥𝑗
 
𝜕𝜔
𝜕𝑥𝑗
, 1.0 × 10−10]                                  (3.19) 
𝐹2 = 𝑡𝑎𝑛ℎ (𝑎𝑟𝑔2
2 )                                                       ( 3.20) 
𝑎𝑟𝑔2 = 𝑚𝑎𝑥 (
2√𝑘
𝛽′𝜔 𝑦
,
500𝜈
𝑦2𝜔
)                                           (3.21) 
and 𝜌 is the density, 𝜈𝑡 is the turbulent kinematic viscosity,  d is the distance to the 
nearest wall and 𝑆 = √2𝑊𝑖𝑗𝑊𝑖𝑗  is the vorticity magnitude, with 
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𝑊𝑖𝑗 =
1
2
(
𝜕𝑢𝑖
𝜕𝑥𝑗
− 
𝜕𝑢𝑗
𝜕𝑥𝑖
)                                                    (3.22) 
A production limiter is recommended to avoid the build-up of turbulent kinetic energy 
in stagnation regions.  
The term P in the k-equation can be replaced by: 
min(P, Climρ ε)                                                      3.23 
In ANSYS-CFX, the allowed options for the production limiter are Clip Factor and 
Kato Launder. 
 Model Constants 
𝛾1 =
𝛽1
𝛽∗
−
𝜎𝑤1𝑘
2
√𝛽∗
                                                (3.24) 
  𝛾1 =
𝛽2
𝛽∗
−
𝜎𝑤2𝑘
2
√𝛽∗
                                         (3.25) 
𝜎𝑘1 = 0.85 
𝜎𝑘2 = 1.0 
𝛽∗ = 0.09 
𝜎𝜔1 = 0.5     
𝜎𝜔2 = 0.856      
𝑘 = 0.41 
𝛽1 = 0.075                                 
𝛽2 = 0.0828                                
𝑎1 = 0.31     
 Curvature Correction  
The eddy-viscosity models are not sensitive to the curvature of streamlines. The eddy-
viscosity turbulence model used in the SST model is ω-based, so it requires some 
modification to the production term by using an empirical function recommended by 
Spalart and Shur (1997).  
𝑓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = (1 + 𝑐𝑟1)
2𝑟∗
1 + 𝑟∗
[1 − 𝑐𝑟3𝑡𝑎𝑛
−1(𝑐𝑟2 ?̃?)] − 𝑐𝑟1                            (3.26) 
In ANSYS-CFX, the 𝑓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛is used as multiplier of the production term as follows:   
𝑃 → 𝑃. 𝑓𝑟                                                                  (3.27) 
where  
𝑓𝑟 = 𝑚𝑎𝑥 [0,1 + 𝐶𝑠𝑐𝑎𝑙𝑒 (𝑓?̃?−1)]                                              (3.28)     
and 
𝑓?̃? = 𝑚𝑎𝑥{𝑚𝑖𝑛(𝑓𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 , 1.25) , 0}                                          (3.29) 
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𝑟∗ =
𝑆
𝛺
                                                                      (3.30) 
?̃? = 2𝛺𝑖𝑘𝑆𝑗𝑘 [
𝐷𝑆𝑖𝑗
𝐷𝑡
+ (𝜀𝑖𝑚𝑛𝑆𝑗𝑛 + 𝜀𝑗𝑚𝑛𝑆𝑖𝑛)𝛺𝑚
𝑅𝑜𝑡]
1
𝛺𝐷3
                                   (3.31) 
𝑆
𝑖𝑗=
1
2 (
𝜕𝑈𝑖
𝜕𝑥𝑗
+
𝜕𝑈𝑗
𝜕𝑥𝑖
)                            
                                          (3.32) 
 𝛺
𝑖𝑗=
1
2 (
𝜕𝑈𝑖
𝜕𝑥𝑗
+
𝜕𝑈𝑗
𝜕𝑥𝑖
)+2𝜀𝑚𝑗𝑖𝛺𝑚
𝑟𝑜𝑡
                                                 (3.33) 
𝑆2 = 2𝑆𝑖𝑗 .  𝑆𝑖𝑗                                                                     (3.34) 
𝛺2 = 2𝛺𝑖𝑗 .  𝛺𝑖𝑗                                                                    (3.35)  
The empirical constants appearing in equation 3.26 are set equal to 1.0, 2.0, and 1.0, 
respectively.  
3.4 Computational Fluid Dynamics (CFD) 
Computational fluid dynamics (CFD) is a branch of engineering integrating not only 
the disciplines of fluid mechanics with mathematics but also with computer science, 
as explained in Figure 3.1 (Tu et al. 2008). In other words, CFD is concerned with the 
usage of a computer to solve the complex non-linear partial differential questions that 
govern fluid flow.  
According to Tu et al. (2008), CFD has several applications.  
Firstly, it is applied as research tool. Secondly, it can be used as an educational tool to learn 
basic thermal-fluid science. Thirdly, it works as a design tool. Fourthly, it is part of the 
aerospace and defense industries. Fifthly, it is employed for the automotive engineering. 
 
Figure 3.1The different disciplines contained within computational fluid dynamics (Tu et al. 2008, p.2) 
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3.5 Advantages of Computational Fluid Dynamics (CFD) 
As CFD is one of the methods (CFD, analytical fluid dynamics, and experimental fluid 
dynamics) that can be used to solve the problems in fluid dynamics and heat transfer, 
it has many advantages (Tu et al. 2008, pp. 4 & 5): 
1. CFD assists the analytical developments of governing equations in more detail 
by studying the possible approximations of the terms in these equations. 
2. With the increase in computer power, CFD integrates the experimental and 
analytical approaches to save time and cost for designs in comparison to the 
experimental approach. Additionally, it can be employed for complex systems 
where it is difficult to solve using the analytical method. The CFD can be 
employed where the experimental methods is missing due to the high cost.  
3. CFD has the ability to simulate the conditions of flows which are too risky 
(nuclear accident), too large or too remote (Indonesian Tsunami of 2004) to 
conduct experiments or take measurements. 
4. CFD provides many details for the simulated phenomena which be easily 
compared with limited the analytical and experimental results that are able to be 
obtained. 
3.6 The CFD Solution Procedure 
The fluid flow governing equations are solved in this research using ANSYS-CFX 
software. Most current popular CFD packages (CFD, FLUENT, STAR-CD, CFD-
ACE, PHOENICS, and FLOW3D) provide complete CFD analyses that consist of 
three main elements which are: pre-processor, solver, and post-processor (Tu et al. 
2008). 
 Pre-Processor 
In this element, the flow domain of a specific model is generated to be prepared for 
the next step. This stage has many steps to be conducted as following (Tu et al. 2008): 
1. Creation of geometry of model (Computational domain), 
2. Mesh generation (subdivision of domain into a large number of smaller 
subdomains that do not overlap), 
3. Selection of physics and fluid properties,  
4. Specification of boundary condition,   
The mesh generation is one of the most important steps in this stage. The most time 
spend on industrial CFD project is for generation of an appropriate mesh. Accurate 
results produced within a short time are driven by the correctly-refined meshing of the 
computational domain. 
 Solver 
In this stage, the main task of the solver is to solve the governing equations 
simultaneously; this is done numerically because the solving of these non-linear 
equations analytically is impossible. The solver needs to insert the initial conditions 
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on the mesh, set controls for the numerical methods used in the solution, specify the 
important parameters to be monitored during the progress of solution, and then the 
solver can start the CFD calculation, with the field converging to a solution (Tu et al. 
2008). In this study, the solution is controlled by choosing the convergence criterion 
of 1×10-5 for the residuals from the continuity, momentum, energy, and turbulent 
equations, and using a high resolution advection scheme and turbulence numerics.   
 Post-processor 
This step is all about reporting the results and their visualization. The data from the 
results can be presented as an x-y chart, vector plots, contour plots, or animation (Tu 
et al. 2008).  
3.7 Conclusion  
To have basic understanding of the CFD code, this chapter presented brief background. 
It can be seen that governing equation were solved numerically as RANS equations. 
These RANS equations are more economical to conduct numerical solution of the 
governing equations than the DNS or LES model. A numerical solution is used when 
the analytical result is impossible to be obtained and the experimental study is not 
available due to expensive cost. The validated CFD solution is one of the approaches 
to conduct research so that using CFD codes can improve the designing 
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4 Modelling Swirl Flow inside Split Channel with 
Two Slots and Scaling Analysis 
Within this chapter, the comparison between CFD results of this thesis and the 
available experimental and CFD fire-whirl results will be presented.  Moreover, the 
scaling analysis is conducted using the two common methodologies and it is followed 
with CFD validation for the dimensionless group from this scaling analysis. The 
standard quantities of interest (centreline axial velocity, temperature, vorticity, average 
inlet and exit vertical velocity, entrainment ratio, normalized inlet mass flow rate, and 
thermal efficiency) will be shown at inlet temperature of 1573.15 K, as an example for 
the CFD results in following chapters with the associated simple calculations. The 
discussion then presented before the conclusion is drawn. 
4.1 The CFD Modelling of Swirl Flow inside Hassan’s, 
Kuwana’s and Hayashi’s Channels and the Related CFD 
Results 
4.1.1 The Common Setup of the CFD Simulations  
For this section of research, three cylindrical split channels with different geometrical 
parameters are modelled. The geometry of the first channel is similar to the work 
reported by Hassan et al. (2005) and the second and third channel are similar to the 
work of Kuwana et al. (2011) and Hayashi et al. (2013), respectively.  The channels 
are made up of two identical half-cylinders which are located off-centre (See Figure 
4.1). The geometrical parameters are presented in Table 4.1. The top of the fuel pan is 
placed at the ground level in Kuwana’s and Hayashi’s works but it is 0.02 m above the 
ground level in Hassan’s work. The inlet hot air temperature varied from 303.15 K to 
1573.15 K while total inlet gauge pressure was maintained at 0 Pa. The ambient wind 
speed is assumed to be zero for both cases.  
 
Figure 4.1 Top view of split channels 
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Table 4.1 The dimensions of the configurations modelled 
Configuration Hassan et. al. (2005) Kuwana et. al. (2011) Hayashi et. al. (2013) 
ΔX (m) 0.015 0.015 0.025 
ΔZ (m) 0.025 0 0 
Rin (m) 0.025 0.015 0.0245 
R (m) 0.15 0.1 0.095 
Wg (m) 0.02 0.02 0.04 
e (m) 0.01 0.01 0.01 
Height (m) 2 1 1 
The total number of elements used in each resolved mesh differs due to different 
domain sizes. For simulating the first configuration 2,525,044 tetrahedral elements 
and 1,744 wedge elements were used. However, for the second configuration, the total 
number of tetrahedral elements is 2,468,769 for all simulations, while for the third 
configuration the number of elements is 2,444,387. 
The hot air has been treated as an ideal gas and its thermodynamic properties vary with 
temperature as determined by the solver. Each of the three split channels is located at 
the centre of the base of a large cubical domain (10 m × 10 m × 10 m) where the walls 
and the domain bottom had no-slip boundary conditions which are assumed to be 
smooth and adiabatic. Thermal radiation is not modelled. The ambient temperature is 
assumed to be constant (298.15 K). Hydrostatic pressure changes are calculated by the 
following equation reported in Pozrikidis (2009) because firstly, it is more accurate 
than using constant hydrostatic pressure along the domain. Secondly, the configuration 
generates very small pressure changes; therefore, any small hydrostatic pressure 
changes, even if in the order of a few Pascal, can have a significant impact on the 
results. Thirdly, including the hydrostatic pressure change stabilizes the simulation and 
omits a downward flow; 
𝑃 = 𝑃𝑜𝑒𝑥𝑝 (−𝑔𝑦 𝑅𝑇⁄ )                                        (4.1) 
Here P represents static pressure (Pa), po is the reference pressure (101,325 Pa), y is 
height with respect to the reference point (m), R is the ideal gas constant for air (287.1 
J/kg/K) and T is the reference temperature (298.15 K). The pressure is assumed to be 
known but the velocity value and direction are assumed to be unknown at the domain 
boundaries. The specified pressure is taken to be static pressure for the outflows but it 
is treated as total pressure for the inflows. Gravity is in the negative Y direction.  
Governing equations included in the simulations are the continuity, momentum, and 
thermal energy equations. The fully buoyant model was utilised because of large 
temperature differences between the inlet temperature and ambient temperature 
(298.15 K) through the fluid flow field. The shear stress transport turbulence model 
(SST) has been selected in the present study as recommended by Tu (2009) to take the 
benefit from the combination between the standard 𝑘-𝜀 model at the main stream of 
flow away from the walls and the 𝑘-𝜔 model for the accurate prediction into the 
boundary layer. In addition, the SST model is the only turbulent model providing 
converged results.  
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4.1.2 Comparison between the Flow Characteristics of Fire-Whirl 
and Swirling Hot Air Induced Naturally  
Figure 4.2 presents the results of modelling at the height of Y/H= 0.05 (H is the channel 
height and Y is the axial distance in y direction), using the Hassan et al. (2005) 
configuration on the line A'-A (See figure 4.1). Hassan et al. (2005) used 1-propanol 
as fuel and reported a maximum flame temperature of 1,818 K (Al Atresh et al., 2012).  
Figure 4.2a shows that the axial velocity of the hot air with a temperature of 1,818 K 
is 4.87 m/s at the centre of the channel, which is much higher than that of the fire-
whirls (0.45 m/s). This figure also shows that warm air with an inlet temperature of 
303.15 K to 323.15 K is able to produce the same axial velocity as the fire-whirl. The 
axial velocity reduces at distances away from the centre in the all cases modelled but 
the rate of decrease is slower for the fire-whirl. At a distance of Z/Rin=3.2, the axial 
velocity in all the hot air inlet cases reduces to zero but this value is about 0.19 m/s in 
the case of the fire-whirl (Al Atresh et al., 2012).  
All the cases exhibit the same trend for the tangential velocity (see Fig. 4.2b). The 
tangential velocity is zero at the centre of the channel and reaches a maximum value 
and then decreases as distance from the centre increases further to the zero value. The 
maximum tangential velocity of the fire-whirl is 0.7385 m/s which occurs at 
Z/Rin=1.393. In the cases of the hot air, the maximum tangential velocities occur at 
larger radii which are as follows: Z/Rin=2.48 at Tin=303.15 K; Z/Rin=2.64 at 
Tin=323.15 K; Z/Rin=2.56 at Tin=373.15 K; and Z/Rin=2.4 at Tin=1818.15 K and their 
values are 0.146 m/s; 0.249 m/s; 0.462 m/s; and 1.163 m/s respectively (Al Atresh et 
al., 2012).  
Figure 4.2c shows the radial velocity profiles are quite different between the two cases. 
In the case of the fire-whirl, the radial velocity remains negative at all distances from 
the centre. The magnitude of the radial velocity reaches a minimum of -0.34 m/s at 
Z/Rin=1.396. Conversely, in the case of the hot air, the radial velocity is positive and 
indicates a maximum at Z/Rin=0.984, 0.862, 0.738 and 0.847 for Tin=303.15 K, 323.15 
K, 373.15 K and 1,818.15 K respectively but declines at further distances to negative 
values (Al Atresh et al., 2012).  
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Figure 4.3 present the results of computational work using Kuwana’s configuration 
(2011). Figure 4.3a indicates the axial velocity distribution at the height of Y/H=0.05. 
The axial velocity profiles are similar to those presented earlier.  The central axial 
velocity at temperatures of 1,073.15 K and 1,573.15 K is 2.402 m/s and 3.12 m/s 
respectively, which are greater than that for the fire-whirl (2.31 m/s).  
 (b) 
 (c) 
 
 
 
Figure 4.2 Comparison between the velocity components using Hassan’s configuration for both generating fire-whirl 
and swirling hot air at Y/H=0.05 on the line A-Aʹ (see Figure 4.1). (a) Axial velocity; (b) Tangential velocity; (c) Radial 
velocity (Adopted from Al-Atresh et al., 2012). 
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Figure 4.3b indicates changes in axial velocity with the channel height. In the case of 
the fire-whirl, the axial velocity is 2.311 m/s at the height of Y/H=0.05 and increases 
to 4.874 m/s at the height of Y/H=0.4. Conversely, the axial velocity of the hot swirling 
air decreases with height. The axial velocity at the height of Y/H=0.05 is 0.67 m/s, 
2.402 m/s, and 3.118 m/s at the inlet temperatures of 373.15 K, 1,073.15 K and 
1,573.15 K respectively. These values decrease to 0.4955 m/s, 1.331 m/s and 
1.5889 m/s respectively at the height of Y/H=0.4. 
Figure 4.3c shows the tangential and radial velocity profiles at line A-A’ at Y/H=0.1 
when the inlet temperature is 1,573.15 K. The tangential and radial velocities have 
almost the same trend of experimental measurements but their magnitudes are less than 
the experimental results. As distance from the centre increases, the tangential velocity 
increases to a maximum value and then returns to zero. The maximum tangential 
velocity of the fire-whirl is 1.09 m/s which occurs at Z/Rin=0.645. In the case of the 
hot air, the maximum tangential velocity occurs at a larger radius which is Z/Rin=1.258 
at Tin=1,573.15 K and its value is 0.560 m/s. The radial velocity of swirling hot air is 
negative, as are the experimental values, but the location of the maximal value of 
swirling hot air is at a further distance. The maximum radial velocity of the fire-whirl 
is -0.291 m/s which occurs at Z/Rin=1.327, while that for the swirling hot air is -
0.075 m/s at Z/Rin=3.074.  
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Figure 4.3 Comparison between the velocity components on the line A-Aʹ and centreline of channel (See Figure 
4.1) using Kuwana’s configuration for both fire-whirl and swirl hot air. (a) Axial velocity profile at Y/H=0.05 with 
different temperature on the line A-Aʹ (Al-Atresh et al, 2012); (b) The centreline axial velocity against height 
(Adopted from Al-Atresh et al., 2012); (c) Radial and tangential velocities at Y/H=0.1 at Tin=1,573.15 K. 
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4.2 Scaling Analysis of the Generated Swirl Flow and 
Numerical Validation 
In this section, the scaling of the swirl flow induced naturally inside cylindrical split 
channel with two gaps will present. First, the Pre-requisite scaling analysis will be 
presented using the common methodologies (Pi theorem and governing equations) and 
then followed with numerical validation for these analyses. Finally, the conclusion will 
be drawn. 
4.2.1 Pre-requisite Scaling Analysis  
The Pi theorem and governing equations were used to conduct the pre-requisite scaling 
analysis for the generated swirl flow in this study.  
4.2.1.1 Using Pi Theorem 
The vorticity, velocity, temperature, produced inlet mass flow rate, and produced 
entrainment mass flow rate of buoyancy-induced swirling plume can be expressed as 
a function f of the following parameters (See Figure 4.4). 
(𝜔, 𝑈, 𝑇,𝑚𝑖𝑛, 𝑚𝑒𝑡𝑜𝑡𝑎𝑙)
= 𝑓 (𝑔, 𝑇𝑖𝑛, 𝑇𝑎𝑚𝑏 , 𝑃𝑟𝑒𝑓 , 𝜌𝑟𝑒𝑓 , 𝜇𝑟𝑒𝑓, 𝑘𝑟𝑒𝑓, 𝐶𝑝𝑟𝑒𝑓, 𝑌,𝑊𝑔, 𝑑𝑔, 𝐻𝑔, 𝑑𝑖𝑛, 𝐻𝑖𝑛, 𝑑𝑐, 𝐻𝑐)                (4.2) 
𝜔: vorticity of swirl plume, 
𝑈: velocity of swirl plume at any direction, 
∆𝑇: temperature difference of swirl plume (T-Tamb), 
∆𝑇𝑖𝑛: temperature difference at the inlet (Tin - Tamb), 
𝑚𝑖𝑛: inlet mass f low rate and, 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙: summations of  entrainment mass flow rate from the slots (𝑚𝑒1  & 𝑚𝑒2) 
g: acceleration of gravity, 
𝑇𝑎𝑚𝑏: ambient temperature, 
𝑇𝑖𝑛: inlet temperature, 
𝑃𝑟𝑒𝑓: ambient pressure (reference pressure), 
𝜌𝑟𝑒𝑓: reference density (ambient density), 
𝜇𝑟𝑒𝑓: reference dynamic viscosity, 
𝑘𝑟𝑒𝑓: reference thermal conductivity, 
𝐶𝑝𝑟𝑒𝑓: reference heat capacity at constant pressure, 
𝑊𝑔: width of gap, 
𝑑𝑔: depth of gap, 
𝐻𝑔: height of gap, 
𝑑𝑖𝑛: diameter of inlet hot air, 
𝐻𝑖𝑛: height of inlet hot air, 
𝑑𝑐: diameter of channel, 
𝐻𝑐: height of channel, 
Y: distance in vertical axial direction, 
Functional relationship between π’s: (𝜋1,𝜋2,𝜋3) = 𝑓(𝜋4, 𝜋5, …… . . , 𝜋𝑀) 
The number of relevant parameters: N=21, 
The main used dimensions (L, t, M, ϴ) (See table 4.2): J = 4 
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The number of expected π’s: M = N-J =17  
Repeating parameters:  g, 𝐻𝑐, 𝜌𝑟𝑒𝑓 , 𝑇𝑎𝑚𝑏 
 
Figure 4.4 simple sketch showing scaling parameters. 
Table 4.2 the dimensions of all required quantities. 
Parameter symbol Dimension 
g 𝐿 𝑡−2 
  𝐻𝑐, 𝑊𝑔, 𝑑𝑔, 𝐻𝑔, 𝑑𝑖𝑛, 𝐻𝑖𝑛, 𝑑𝑐 𝐿 
Y 𝐿 
U 𝐿 𝑡−1 
 𝜔 𝑡−1 
min, 𝑚𝑒𝑡𝑜𝑡𝑎𝑙 𝑀 𝑡
−1 
T,  𝑇𝑖𝑛, 𝑇𝑎𝑚𝑏 ϴ 
𝑃𝑎𝑚𝑏 𝑀 𝑡
−2 𝐿−1 
𝜌𝑟𝑒𝑓 𝑀 𝐿−3 
𝜇𝑟𝑒𝑓 𝑀 𝐿−1𝑡−1 
𝑘𝑟𝑒𝑓 𝑀 𝐿 𝑡−3𝜃 
𝐶𝑝𝑟𝑒𝑓 𝐿
2 𝑡−2𝜃−1 
Section A2 (Appendices) provides the derivations using π theorem and the resulting 
dimensionless groups are as following,  
 𝜋1 = (𝑔)
−1/2(𝐻𝑐)
1/2𝜔 =
𝜔
√𝑔/𝐻𝑐
                                                                                  (4.3) 
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𝜋2 =
𝑈
√𝑔.𝐻𝑐 
= 𝐹𝑟𝑜𝑢𝑑𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 (𝐹𝑟)                                                                        (4.4) 
𝜋3 =
T
Tamb
                                                                                                                             (4.5) 
𝜋4 =
Tin
Tamb
                                                                                                                             (4.6) 
𝜋5 =
𝑚in
𝜌𝑟𝑒𝑓√𝑔. (𝐻𝑐)5
                                                                                                           (4.7) 
𝜋6 =
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝜌𝑟𝑒𝑓√𝑔. (𝐻𝑐)5
                                                                                                           (4.8) 
𝜋7 =
𝑃𝑟𝑒𝑓
𝑔.𝐻𝑐. 𝜌𝑟𝑒𝑓
                                                                                                                  (4.9) 
𝜋8 =
𝜇𝑟𝑒𝑓
𝜌
𝑟𝑒𝑓√𝑔.(𝐻𝑐)3
                                                                                                              (4.10) 
𝜋9 =
(𝑇𝑎𝑚𝑏)(𝑘𝑟𝑒𝑓)
𝜌𝑟𝑒𝑓√𝑔3𝐻𝑐
5
                                                                                                          (4.11) 
𝜋10 =
𝐶𝑝𝑟𝑒𝑓. 𝑇𝑎𝑚𝑏
𝑔.𝐻𝑐
                                                                                                            (4.12) 
𝜋11 =
𝑌
𝐻𝑐
                                                                                                                            (4.13) 
π
12
=
𝑊𝑔
𝐻𝑐
                                                                                                                           (4.14) 
π
13
=
𝑑𝑔
𝐻𝑐
                                                                                                                            (4.15) 
π
14
=
𝐻𝑔
𝐻𝑐
                                                                                                                            (4.16) 
π
15
=
𝑑𝑖𝑛
𝐻𝑐
                                                                                                                           (4.17) 
π
16
=
𝐻𝑖𝑛
𝐻𝑐
                                                                                                                           (4.18) 
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π
17
=
𝑑𝑐
𝐻𝑐
                                                                                                                            (4.19) 
(
𝜔
√
𝑔
𝐻𝑐
,
𝑈
√𝑔.𝐻𝑐 
,
T
T𝑎𝑚𝑏
,
𝑚𝑖𝑛
𝜌𝑟𝑒𝑓√𝑔.(𝐻𝑐)5
,
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝜌𝑟𝑒𝑓√𝑔.(𝐻)5𝑐
) =
𝑓(
Tin
Tamb
,
𝑃𝑟𝑒𝑓
𝑔.𝐻𝑐.𝜌𝑟𝑒𝑓
,
𝜇𝑟𝑒𝑓
𝜌
𝑟𝑒𝑓√𝑔.(𝐻𝑐)
3
,
(𝑇𝑎𝑚𝑏)(𝑘𝑟𝑒𝑓)
𝜌𝑟𝑒𝑓√𝑔3𝐻𝑐
5
,
𝐶𝑝𝑟𝑒𝑓
.𝑇𝑎𝑚𝑏
𝑔.𝐻𝑐
,
𝑌
𝐻𝑐
,
Wg
𝐻𝑐
,
dg
𝐻𝑐
,
Hg
𝐻𝑐
,
din
𝐻𝑐
,
Hin
𝐻𝑐
,
dc
𝐻𝑐
) (4.20) 
It is possible to express the temperature as the temperature difference from a constant. 
In this case, the temperature T will be as T-Tamb and the inlet temperature will be as 
Tin –Tamb; in addition, the number of dimensionless groups will be 16. This means that 
π
3
 will modified and  π
9
 and π
10
will be as (See section A2 in Appendices), 
𝜋3
` =
∆𝑇
∆𝑇𝑖𝑛
                                                                                                                          (4.21) 
𝜋9
` =
(∆𝑇𝑖𝑛)(𝑘𝑟𝑒𝑓)
𝜌𝑟𝑒𝑓√𝑔3𝐻𝑐
5
                                                                                                          (4.22) 
π
10
`
=
𝐶𝑝𝑟𝑒𝑓. ∆𝑇𝑖𝑛
𝑔.𝐻𝑐
                                                                                                            (4.23) 
According to the previous explanations, the dependent and independent dimensionless 
groups can be as following, 
(
𝜔
√
𝑔
𝐻𝑐
,
𝑈
√𝑔.𝐻𝑐 
,
T−T𝑎𝑚𝑏
T𝑖𝑛−T𝑎𝑚𝑏
𝑚in
𝜌𝑟𝑒𝑓√𝑔.(𝐻𝑐)
5
,
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝜌𝑟𝑒𝑓√𝑔.(𝐻)
5
𝑐
) =
𝑓(
𝑃𝑟𝑒𝑓
𝑔.𝐻𝑐.𝜌𝑟𝑒𝑓
,
𝜇𝑟𝑒𝑓
𝜌
𝑟𝑒𝑓√𝑔.(𝐻𝑐)3
,
(𝑇𝑎𝑚𝑏)(𝑘𝑟𝑒𝑓)
𝜌𝑟𝑒𝑓√𝑔3𝐻𝑐
5
,
𝐶𝑝𝑟𝑒𝑓
.𝑇𝑎𝑚𝑏
𝑔.𝐻𝑐
,
𝑌
𝐻𝑐
,
Wg
𝐻𝑐
,
dg
𝐻𝑐
,
Hg
𝐻𝑐
,
din
𝐻𝑐
,
Hin
𝐻𝑐
,
dc
𝐻𝑐
)        
                                                                                                                                  4.24     
the Rayleigh number (Ra) of this swirl flow can be deduced by multiplying some of 
the previously produced groups as following, 
𝑅𝑎 𝑁𝑜 =
𝜋8
`(𝜋9 )
3
(𝜋6)(𝜋3
`)(𝜋7`)
=
𝑔. 𝑌3
𝜈𝑟𝑒𝑓
.
∆𝑇
∆𝑇𝑖𝑛
.
𝜌𝑟𝑒𝑓 . 𝐶𝑝𝑟𝑒𝑓
𝑘𝑟𝑒𝑓
                                               (4.25) 
In addition, by dividing the  𝜋6 by  𝜋5, the entrainment ratio can be obtained, 
Entrainment Ratio =
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
                                                                                      (4.26) 
(
𝜔
√
𝑔
𝐻𝑐
,
𝑈
√𝑔.𝐻𝑐 
,
T−T𝑎𝑚𝑏
T𝑖𝑛−T𝑎𝑚𝑏
,
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
) =
𝑓(
𝑃𝑟𝑒𝑓
𝑔.𝐻𝑐.𝜌𝑟𝑒𝑓
,
𝑔.𝑌3
𝜈𝑟𝑒𝑓
.
∆T
∆Tin
.
𝜌𝑟𝑒𝑓.𝐶𝑝𝑟𝑒𝑓
𝑘𝑟𝑒𝑓
,
𝑌
𝐻𝑐
,
Wg
𝐻𝑐
,
dg
𝐻𝑐
,
Hg
𝐻𝑐
,
din
𝐻𝑐
,
Hin
𝐻𝑐
,
dc
𝐻𝑐
)                            (4.27) 
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4.2.1.2 Using Governing Equations 
To simplify analysis of governing equations, the thermodynamic properties (Cp &k) 
of hot air will not change with the temperature. Sharifian and Al-Atresh (2014) show 
that the differences in the results produced using constant thermodynamic properties 
were around 5% for the centreline axial velocity and less than 5% for the centreline 
temperature along the height. 
The main governing equations are the continuity equation, Navier-Stokes equations 
and the thermal energy equation. The continuity or total mass-balance equation in 
rectangular coordinates is expressed in terms of the mass density ρ, which can be 
nonconstant, and mass-average velocity components u𝑖 : 
 
𝜕𝜌
𝜕𝑡
+ 
𝜕
𝜕𝑥
(𝜌𝑢𝑥) + 
𝜕
𝜕𝑦
(𝜌𝑢𝑦) + 
𝜕
𝜕𝑧
(𝜌𝑢𝑧) = 0                                                           (4.28) 
Where y is the vertical coordinate and  𝑢𝑥, 𝑢𝑦 , 𝑢𝑧 are the fluid velocities. 
 
The x-, y-, and z-components of the equations of motion in rectangular coordinates for 
nonconstant physical properties, a body force due to a gravitational field, and 
unspecified viscous stress-tensor components τij are, 
 
𝜌
𝜕𝑢𝑥
𝜕𝑡
+ 𝜌𝑢𝑥
𝜕𝑢𝑥
𝜕𝑥
+  𝜌𝑢𝑦
𝜕𝑢𝑥
𝜕𝑦
+  𝜌𝑢𝑧
𝜕𝑢𝑥
𝜕𝑧
= −
𝜕𝑃
𝜕𝑥
+ 𝜇𝑟𝑒𝑓 (
𝜕2𝑢𝑥
𝜕𝑥2
+
𝜕2𝑢𝑥
𝜕𝑦2
+
𝜕2𝑢𝑥
𝜕𝑧2
)                                        (4.29) 
 
𝜌
𝜕𝑢𝑦
𝜕𝑡
+ 𝜌𝑢𝑥
𝜕𝑢𝑦
𝜕𝑥
+ 𝜌𝑢𝑦
𝜕𝑢𝑦
𝜕𝑦
+ 𝜌𝑢𝑧
𝜕𝑢𝑦
𝜕𝑧
= −
𝜕𝑃
𝜕𝑦
+ 𝜇𝑟𝑒𝑓 (
𝜕2𝑢𝑦
𝜕𝑥2
+
𝜕2𝑢𝑦
𝜕𝑦2
+
𝜕2𝑢𝑦
𝜕𝑧2
) − 𝜌𝑔𝑦                             (4.30) 
𝜌
𝜕𝑢𝑧
𝜕𝑡
+ 𝜌𝑢𝑥
𝜕𝑢𝑧
𝜕𝑥
+  𝜌𝑢𝑦
𝜕𝑢𝑧
𝜕𝑦
+  𝜌𝑢𝑧
𝜕𝑢𝑧
𝜕𝑧
= −
𝜕𝑃
𝜕𝑧
+ 𝜇𝑟𝑒𝑓 (
𝜕2𝑢𝑧
𝜕𝑥2
+
𝜕2𝑢𝑧
𝜕𝑦2
+
𝜕2𝑢𝑧
𝜕𝑧2
)                                        (4.31) 
 
The following form of the thermal energy equation in rectangular coordinates allows 
for nonconstant physical properties, energy generation, and conversion of mechanical 
to internal energy through viscous dissipation, which is expressed in terms of 
unspecified viscous stress–tensor components τij : 
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𝜌𝐶𝑝𝑟𝑒𝑓
𝜕𝑇
𝜕𝑡
+ 𝜌𝐶𝑝𝑟𝑒𝑓𝑢𝑥
𝜕𝑇
𝜕𝑥
+ 𝜌𝐶𝑝𝑟𝑒𝑓𝑢𝑦
𝜕𝑇
𝜕𝑦
+  𝜌𝐶𝑝𝑟𝑒𝑓𝑢𝑧
𝜕𝑇
𝜕𝑧
     
=  𝑘𝑟𝑒𝑓 (
𝜕2𝑇
𝜕𝑥2
+
𝜕2𝑇
𝜕𝑦2
+
𝜕2𝑇
𝜕𝑧2
) + 2𝜇𝑟𝑒𝑓 [(
𝜕𝑢𝑥
𝜕𝑥
)
2
+ (
𝜕𝑢𝑦
𝜕𝑦
)
2
+ (
𝜕𝑢𝑧
𝜕𝑧
)
2
]
+ 𝜇𝑟𝑒𝑓 [(
𝜕𝑢𝑥
𝜕𝑦
+
𝜕𝑢𝑦
𝜕𝑥
)
2
+ (
𝜕𝑢𝑥
𝜕𝑧
+
𝜕𝑢𝑧
𝜕𝑥
)
2
+ (
𝜕𝑢𝑦
𝜕𝑧
+
𝜕𝑢𝑧
𝜕𝑦
)
2
]
− 𝜌. 𝑔. 𝑢𝑦                                                                                                 (4.32) 
In order to non-dimensionalize the governing equation 4.28, 4.29, 4.30, and 4.31, the 
following non-dimensional variables will be used: 
𝑡∗ =
𝑡
√𝐻𝑐 𝑔⁄
                                                                                            (4.33)      
𝑃∗ =
𝑃
𝑃𝑟𝑒𝑓
                                                                                             (4.34)        
𝑇∗ =
𝑇
𝑇𝑎𝑚𝑏
 𝑜𝑟 
𝑇−𝑎𝑚𝑏
𝑇𝑖𝑛− 𝑇𝑎𝑚𝑏
                                                                       (4.35)  
𝜌∗ =
𝜌
𝜌𝑟𝑒𝑓
                                                                                              (4.36) 
𝑥∗ =
𝑥
𝐻𝑐
          𝑦∗ =
𝑦
𝐻𝑐
            𝑧∗ =
𝑧
𝐻𝑐
                                                 (4.37)    
Time scale (√𝐻𝑐 𝑔⁄ ) is required time for the buoyant flow to pass the height of channel 
under gravity acceleration. As consequence, the velocity scale for the present flow, 
𝑈𝑟𝑒𝑓, can be derived from the main definition of velocity as following, 
𝑈𝑟𝑒𝑓 =
𝐻𝑟𝑒𝑓
𝑡𝑟𝑒𝑓
=
𝐻𝑐
√𝐻𝑐 𝑔⁄
 
𝑈𝑟𝑒𝑓 = √𝑔.𝐻𝑐                                                                                                                    (4.38) 
          
𝑢𝑥
∗ =
𝑢𝑥
𝑈𝑟𝑒𝑓
=
𝑢𝑥
√𝑔.𝐻𝑐
      𝑢𝑦
∗ =
𝑢𝑦
𝑈𝑟𝑒𝑓
=
𝑢𝑦
√𝑔.𝐻𝑐
      𝑢𝑧
∗ =
𝑢𝑧
𝑈𝑟𝑒𝑓
=
𝑢𝑧
√𝑔.𝐻𝑐
         (4.39)  
The above governing equation can be rewritten in term of non-dimensional variables 
as following.  
For the continuity: 
𝜌𝑟𝑒𝑓√
𝑔
𝐻𝑐
𝜕𝜌∗
𝜕𝑡∗
+
𝜌𝑟𝑒𝑓√𝑔.𝐻𝑐
𝐻𝑐
 [
𝜕
𝜕𝑥∗
(𝜌∗𝑢𝑥
∗) + 
𝜕
𝜕𝑦
(𝜌∗𝑢𝑦
∗) + 
𝜕
𝜕𝑧
(𝜌∗𝑢𝑧
∗)] = 0  (4.40) 
𝜌𝑟𝑒𝑓√
𝑔
𝐻𝑐
𝜕𝜌∗
𝜕𝑡∗
+ 𝜌𝑟𝑒𝑓√
𝑔
𝐻𝑐
 [
𝜕
𝜕𝑥∗
(𝜌∗𝑢𝑥
∗) + 
𝜕
𝜕𝑦
(𝜌∗𝑢𝑦
∗) + 
𝜕
𝜕𝑧
(𝜌∗𝑢𝑧
∗)] = 0       (4.41) 
Then the continuity equation can be reduced to,  
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∂ρ
∗
∂t∗
+ [
∂
∂x∗
(ρ
∗
ux
∗) + 
∂
∂y
(ρ
∗
uy
∗) + 
∂
∂z
(ρ
∗
uz
∗)]
= 0                                            (4.42) 
For The Motion Equations: 
By dividing the equations of 4.29, 4.30 and 4.31 by  𝜌𝑟𝑒𝑓 . 𝑔, 
X-component, 
𝜌∗
𝜕𝑢𝑥
∗
𝜕𝑡∗
+ 𝜌∗𝑢𝑥
∗
𝜕𝑢𝑥
∗
𝜕𝑥∗
+ 𝜌∗𝑢𝑦
∗
𝜕𝑢𝑥
∗
𝜕𝑦∗
+ 𝜌∗𝑢𝑧
∗
𝜕𝑢𝑥
∗
𝜕𝑧∗
= (−
𝑃𝑟𝑒𝑓
𝐻𝑐.𝜌𝑟𝑒𝑓.𝑔
)
𝜕𝑃∗
𝜕𝑥∗
+
(
 
𝜇𝑟𝑒𝑓
𝜌𝑟𝑒𝑓.√𝑔.𝐻𝑐
3
)
 (
𝜕2𝑢𝑥
∗
𝜕𝑥∗2
+
𝜕2𝑢𝑥
∗
𝜕𝑦∗2
+
𝜕2𝑢𝑥
𝜕𝑧∗2
)                              (4.43) 
Y-component, 
𝜌∗
𝜕𝑢𝑦
∗
𝜕𝑡∗
+ 𝜌∗𝑢𝑥
∗
𝜕𝑢𝑦
∗
𝜕𝑥∗
+ 𝜌∗𝑢𝑦
∗
𝜕𝑢𝑦
∗
𝜕𝑦∗
+ 𝜌∗𝑢𝑧
∗
𝜕𝑢𝑦
∗
𝜕𝑧∗
 
= (
𝑃𝑟𝑒𝑓
𝐻𝑐.𝜌𝑟𝑒𝑓.𝑔
)
𝜕𝑃∗
𝜕𝑦∗
+
(
 
𝜇𝑟𝑒𝑓
𝜌𝑟𝑒𝑓.√𝑔.𝐻𝑐
3
)
 (
𝜕2𝑢𝑦
∗
𝜕𝑥∗2
+
𝜕2𝑢𝑦
∗
𝜕𝑦∗2
+
𝜕2𝑢𝑦
𝜕𝑧∗2
)
− 𝜌∗                                                                                                           (4.44) 
Z-component, 
𝜌∗
𝜕𝑢𝑧
∗
𝜕𝑡∗
+ 𝜌∗𝑢𝑥
∗
𝜕𝑢𝑧
∗
𝜕𝑥∗
+ 𝜌∗𝑢𝑦
∗
𝜕𝑢𝑧
∗
𝜕𝑦∗
+ 𝜌∗𝑢𝑧
∗
𝜕𝑢𝑧
∗
𝜕𝑧∗
 
= (
𝑃𝑟𝑒𝑓
𝐻𝑐.𝜌𝑟𝑒𝑓.𝑔
)
𝜕𝑃∗
𝜕𝑧∗
 
+
(
 
𝜇𝑟𝑒𝑓
𝜌𝑟𝑒𝑓.√𝑔.𝐻𝑐
3
)
 (
𝜕2𝑢𝑧
∗
𝜕𝑥∗2
+
𝜕2𝑢𝑧
∗
𝜕𝑦∗2
+
𝜕2𝑢𝑧
𝜕𝑧∗2
)                               (4.45) 
For The Thermal Energy Equation 
By dividing eq. 4.32 by 𝜌𝑟𝑒𝑓.Cpref. 𝑇𝑎𝑚𝑏√
𝑔
𝐻𝑐
,  
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𝜌∗
𝜕𝑇∗
𝜕𝑡∗
+ 𝜌∗𝑢𝑥
∗
𝜕𝑇∗
𝜕𝑥∗
+ 𝜌∗𝑢𝑦
∗
𝜕𝑇∗
𝜕𝑦∗
+ 𝜌∗𝑢𝑧
∗
𝜕𝑇∗
𝜕𝑧∗
= (
𝑘𝑟𝑒𝑓 . 𝑇𝑎𝑚𝑏
𝜌𝑟𝑒𝑓.𝐶𝑝𝑟𝑒𝑓.
√𝑔𝐻𝑐
3
) (
𝜕2𝑇∗
𝜕𝑥2
+
𝜕2𝑇∗
𝜕𝑦2
+
𝜕2𝑇∗
𝜕𝑧2
)
+ (
2𝜇𝑟𝑒𝑓
𝜌𝑟𝑒𝑓.𝐶𝑝𝑟𝑒𝑓. 𝑇𝑎𝑚𝑏
√
𝑔
𝐻𝑐
 ) [(
𝜕𝑢𝑥
∗
𝜕𝑥∗
)
2
+ (
𝜕𝑢𝑦
∗
𝜕𝑦∗
)
2
+ (
𝜕𝑢𝑧
∗
𝜕𝑧∗
)
2
]
+ (
𝜇𝑟𝑒𝑓
𝜌𝑟𝑒𝑓.𝐶𝑝𝑟𝑒𝑓. 𝑇𝑎𝑚𝑏
√
𝑔
𝐻𝑐
) [(
𝜕𝑢𝑥
∗
𝜕𝑦∗
+
𝜕𝑢𝑦
∗
𝜕𝑥∗
)
2
+ (
𝜕𝑢𝑥
∗
𝜕𝑧∗
+
𝜕𝑢𝑧
∗
𝜕𝑥∗
)
2
+ (
𝜕𝑢𝑦
∗
𝜕𝑧∗
+
𝜕𝑢𝑧
∗
𝜕𝑦∗
)
2
] − (
𝑔.𝐻𝑐
𝐶𝑝𝑟𝑒𝑓. 𝑇𝑎𝑚𝑏
)𝜌∗. 𝑢𝑦
∗                                   (4.46) 
The derivative with respect to time will be omitted from all governing equations as the 
scaling is for a steady swirl flow. The continuity equation does not provide any relation 
between the parameters. The non-dimensional groups from the motion equations are 
as following, 
 
Group1 =
𝑃𝑟𝑒𝑓
𝐻𝑐.𝜌𝑟𝑒𝑓.𝑔
                                                                                                 (4.47) 
 
Group2 =
μ
ref
𝜌𝑟𝑒𝑓.√𝑔.𝐻𝑐
3
                                                                                             (4.48) 
While from the non-dimensionless of the thermal energy equation, many groups are 
produced and they are as flowing, 
 
Group3 =
𝑘𝑟𝑒𝑓.𝑇𝑎𝑚𝑏
𝜌𝑟𝑒𝑓.𝐶𝑝𝑟𝑒𝑓
.√𝑔𝐻𝑐
3
                                                                                      (4.49) 
Group4 =
μ
ref
𝜌𝑟𝑒𝑓.Cpref
.𝑇𝑎𝑚𝑏
                                                                                        (4.50) 
Group5 =
𝑔.𝐻𝑐
Cpref
.𝑇𝑎𝑚𝑏
                                                                                               (4.51) 
By dividing Group3 by Group5, the inverse of 𝜋7 in the section 4.3.1.1 
 (
(𝑇𝑎𝑚𝑏) (𝑘𝑟𝑒𝑓)
𝜌𝑟𝑒𝑓√𝑔3𝐻𝑐
5
) will yield Group6. 
In addition, the non-dimensional variables were considered from the beginning for the 
velocity (Group7 =
𝑢𝑥
√𝑔.𝐻𝑐
,
𝑢𝑦
√𝑔.𝐻𝑐
, 𝑢𝑧
√𝑔.𝐻𝑐
  ) and the height (Group8 =
𝑥
𝐻𝑐
, 𝑦
𝐻𝑐
, 𝑧
𝐻𝑐
). 
From the basic definition of vorticity, the normalized vorticity can be derived for this 
swirl buoyant flow. The vorticity is defined as the curl or rotational velocity field u⃗  
describing the fluid flow (Alekseenko, Ku bin & Okulov 2007). In Cartesian 
coordinates, 
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ω⃗⃗⃗⃗ = ∇ × u⃗ = (
∂
∂x
,
∂
∂y
,
∂
∂z
) × (ux, uy, uz) = (
∂𝑢𝑧
∂y
−
∂𝑢𝑦
∂z
,
∂𝑢𝑥
∂z
−
∂𝑢𝑧
∂x
,
∂𝑢𝑦
∂x
−
∂𝑢𝑥
∂y
)
= (𝜔𝑥, 𝜔𝑦, 𝜔𝑧)                                                                                        (4.52) 
One of the non-dimensional vorticity component (𝜔𝑦) in the equation 4.52 can be 
expressed as following, 
𝜔𝑦 =
∂𝑢𝑥
∂z
−
∂𝑢𝑧
∂x
=
√𝑔.𝐻𝑐
𝐻𝑐
(
∂𝑢𝑥
∗
∂z∗
−
∂𝑢𝑧
∗
∂x∗
) = √
𝑔
𝐻𝑐
 𝜔𝑦
∗ 
𝜔𝑦
∗ =
𝜔𝑦
√
𝑔
𝐻𝑐
=
𝜔𝑦
𝜔𝑟𝑒𝑓
                                                                                                          (4.53) 
In general,  
Group9 =ω
⃗⃗⃗⃗ 
∗
=
ω⃗⃗⃗⃗ 
√
𝑔
𝐻𝑐
                                                                                                       (4.54) 
In addition, the normalized inlet mass flow rate can be estimated as following, 
Group10 =
Min
Mref
=
𝜌. 𝑉. 𝐴)𝑖𝑛
𝜌. 𝑉. 𝐴)𝑟𝑒𝑓
=
𝜌𝑖𝑛. 𝑉𝑖𝑛. (𝑑𝑖𝑛)
2
𝜌𝑟𝑒𝑓 . √g. Hc. 𝐻𝑐
2
 
Group10 =
𝑀𝑖𝑛
𝑀𝑟𝑒𝑓
= (
𝜌𝑖𝑛
𝜌𝑟𝑒𝑓
) [
𝑉𝑖𝑛
√𝑔.𝐻𝑐
[
𝑑𝑖𝑛
𝐻𝑐
]
2
]                                                (4.55) 
ρ
ref
=
μ
ref
√g.Hc
3
    from 𝜋8  or Group 2                                                                (4.56) 
𝑀𝑖𝑛: Inlet mass flow rate, kg/s, 
𝑀𝑟𝑒𝑓: Reference mass flow rate, kg/s, 
𝜌𝑖𝑛: Density of air at inlet temperature, kg/m
3, 
𝜌𝑟𝑒𝑓: Reference density, defined in equation 4.54, kg/m
3, 
𝑉𝑖𝑛 & 𝑑𝑖𝑛: Average inlet axial velocity and diameter of inlet, 
 𝜇𝑟𝑒𝑓: Reference dynamic viscosity at 298.15 K, kg/m.s, 
𝐻𝑐: Height of channel, m, 
𝑔: Acceleration gravity, 9.81 m/s2. 
By using both methodologies, the most non-dimensional group were produced. 
Furthermore, the dimensionless group can be used to correlate the data or to scale the 
process up or down (Krantz, 2007) as will be shown in the next section. 
4.2.2 The Numerical Study and Scaling Effect 
For the complete similarity between a model and a prototype, the model and prototype 
must be geometrically similar and all independent groups must also match between 
them. The dimensions of geometry of the model, prototype A, B and C are listed in 
table 4.3. The geometries of the original model and prototype are similar and the 
scaling factor for the prototype A, B and C are 2, 10 and 0.5, respectively. Moreover, 
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the similarity between the non-dimensional groups can be used to estimate the main 
settings to achieve the numerical study. These settings are the inlet temperature 𝑇𝑖𝑛, 
ambient temperature 𝑇𝑎𝑚𝑏, and reference or ambient pressure 𝑃𝑟𝑒𝑓 (See table 4.4). The 
gravity factor will be the same for both the model and the prototype, g = 9.81 m/s2. 
From 𝜋6, the Tamb will be estimated for the prototype A, B and C.  
Table 4.3 the dimensions of the channels of model, prototype A, B, &C. 
Table 4.4 summary of boundary condition for numerical simulations and inlet Reynolds number of inlet hot air flow.   
Model name Tin, K 
Absolute 
Pin, pa 
Tamb, K Pref, pa 
Inlet Average Re. 
No. 
Original model 1573.15 101323 298.15 101325 1385.6 
Prototype A 
Scaling factor =2 
3146.3 71646.3 596.3 71647.6 1331 
Prototype B 
Scaling factor 
=10 
15,731.5 32041.3 2,981.5 32,041.78 1312 
Prototype C 
Scaling factor 
=0.5 
786.6 143293 149.1 143,295.1 1340.5 
 
From 𝜋4 can be used to calculate the reference pressure (ambient pressure), 
𝑃𝑟𝑒𝑓
𝑔.𝐻𝑐. 𝜌𝑟𝑒𝑓
)
𝑚
= 
𝑃𝑟𝑒𝑓
𝑔.𝐻𝑐 . 𝜌𝑟𝑒𝑓
)
𝑃
 
𝑃𝑟𝑒𝑓
𝐻𝑐. 𝜌𝑟𝑒𝑓
)
𝑚
= 
𝑃𝑟𝑒𝑓
𝐻𝑐. 𝜌𝑟𝑒𝑓
)
𝑃
                                                                                               (4.57) 
𝜌𝑟𝑒𝑓)𝑚  can be correlated with  𝜌𝑟𝑒𝑓)𝑃 using π5 or π7.  
By using 𝜋5, it can follow the below calculations. 
𝜇𝑟𝑒𝑓
𝜌
𝑟𝑒𝑓√𝑔.(𝐻𝑐)3
)
𝑚
= 
𝜇𝑟𝑒𝑓
𝜌
𝑟𝑒𝑓√𝑔.(𝐻𝑐)3
)
𝑃
  
 Dimensions of split channel 
Dimension of 
domain 
Symbols 
din, 
m 
Hc, 
m 
dc, 
m 
Wg, 
m 
dg, 
m 
th,m  
Original Model 0.03 1 0.2 0.02 0 0.01 10m×10m×10m 
Prototype A 
(Scaling factor =2) 
0.06 2 0.4 0.04 0 0.02 20m×20m×20m 
Prototype B 
(Scaling factor =10) 
0.3 10 2 0.2 0 0.1 50m×50m×50m 
Prototype C 
(Scaling factor=0.5) 
0.01
5 
0.5 0.1 0.01 0 0.005 5m×5m×5m 
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𝜇𝑟𝑒𝑓:  Constant (assumption), 
𝜌𝑟𝑒𝑓)𝑚 = 𝜌𝑟𝑒𝑓)𝑃  
√(𝐻𝑐)3)𝑃
√(𝐻𝑐)3)𝑚
                                                                                         (4.58) 
By substituting equation 4.54 into 4.53,  
𝑃𝑟𝑒𝑓)𝑃 = 𝑃𝑟𝑒𝑓)𝑚  ×
𝜌𝑟𝑒𝑓 . 𝐻𝑐)𝑃
𝜌𝑟𝑒𝑓 . 𝐻𝑐)𝑚
= 𝑃𝑟𝑒𝑓)𝑚 ×
 √(𝐻𝑐)3)𝑚
𝐻𝑐)𝑚
 ×
𝐻𝑐)𝑃
√(𝐻𝑐)3)𝑃
              (4.59) 
𝑃𝑟𝑒𝑓)𝑃,𝐴 = 101,325 ×
2
√8
= 71,647.6 Pa, 
𝑃𝑟𝑒𝑓)𝑃,𝐵 = 101,325 ×
10
√1000
= 32,041.8 Pa, 
𝑃𝑟𝑒𝑓)𝑃,𝑐 = 101,325 ×
0.5
√(0.5)3
= 143,295.1 Pa, 
 
𝐶𝑝𝑟𝑒𝑓. 𝑇𝑎𝑚𝑏
𝑔.𝐻𝑐
)
𝑚
=
𝐶𝑝𝑟𝑒𝑓. 𝑇𝑎𝑚𝑏
𝑔.𝐻𝑐
)
𝑃
 
 
𝐶𝑝𝑟𝑒𝑓: Constant (assumption) 
 𝑇𝑎𝑚𝑏
𝐻𝑐
)
𝑚
=
𝑇𝑎𝑚𝑏
𝐻𝑐
)
𝑃
 
 
𝑇𝑎𝑚𝑏)𝑃 = 𝐻𝑐)𝑃 .  
 𝑇𝑎𝑚𝑏
𝐻𝑐
)
𝑚
                                                                                             (4.60) 
𝑇𝑎𝑚𝑏)𝑃,𝐴 = 596.3 𝐾 
𝑇𝑎𝑚𝑏)𝑃,𝐵 = 2981.5 𝐾 
𝑇𝑎𝑚𝑏)𝑃,𝐶 = 149.1 𝐾 
 
From  𝜋8 uses to estimate the inlet temperature for the prototype A & B 
𝑇𝑖𝑛
𝑇𝑎𝑚𝑏
)
𝑚
=
𝑇𝑖𝑛
𝑇𝑎𝑚𝑏
)
𝑃
 
𝑇𝑖𝑛)𝑃 = 𝑇𝑎𝑚𝑏)𝑃 .  
𝑇𝑖𝑛
𝑇𝑎𝑚𝑏
)
𝑚
                                                                                               (4.61)          
𝑇𝑖𝑛)𝑃,𝐴 = 3,146.3 𝐾 
𝑇𝑖𝑛)𝑃,𝐵 = 15,731.5 𝐾 
𝑇𝑖𝑛)𝑃,𝐶 = 786.6𝐾 
 
By using 𝜋6
` to check the estimated inlet and ambient temperatures 
 𝜋6
` =
𝐶𝑝𝑟𝑒𝑓 . ∆𝑇𝑖𝑛
𝑔.𝐻𝑐
 
∆𝑇𝑖𝑛)𝑃 = 𝐻𝑐)𝑃 .  
 ∆𝑇𝑖𝑛
𝐻𝑐
)
𝑚
                                                                                                (4.62) 
For prototype A,  
∆𝑇𝑖𝑛)𝑃 = 2 × (1573.15 − 298.15) = 2550 𝐾 
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∆𝑇𝑖𝑛)𝑃 = 3146.3 − 596.3 = 2550 𝐾 
The scaled results of CFD simulations of model and prototype A&B are almost 
identical. Figure 4.5 shows that the scaled centreline axial velocity is similar along the 
height of channel. The normalized centreline axial velocity (Froude number based on 
the axial velocity) decreases with the increase of the height of channel sharply around 
the inlet and then decreases gradually until the top of channel. The minimum and 
maximum average deviation among the velocity results was 1.7% and 2.9%, 
respectively. The figure 4.6 shows also the similarity among the normalized inlet and 
exit average velocity for the model and prototypes. The normalized inlet velocity was 
around 1.2, while the normalize exit velocity was 0.18 approximately. Furthermore, 
the normalized entrainment velocities are identical among the models and the 
prototypes and the 0.001 % and 0.036 % are the minimum and maximum average 
deviation values, respectively (figure 4.7). In addition, the normalized centreline 
temperature in figure 4.8 show similar values among the model and the prototypes. 
The minimum and maximum average deviation among the centreline temperature 
results were 0.9% and 1.65 %, respectively. Figure 4.9 illustrates that the Rayleigh 
number based on centreline temperature increases along the height of channel from 
zero at the inlet to 0.0425 at the exit of channel. The minimum and maximum average 
deviation among the centreline Rayleigh number were 2% and 3.3 %, respectively. 
The normalized centreline axial vorticity (See figure 4.10) also provided very similar 
magnitudes from the model and the prototypes, and the minimum and maximum 
average deviation were 0.54% and 2.21%, respectively. Figure 4.11 display identical 
values of the normalized inlet mass flow rate (around 44) and entrainment ratio 
(around 29) among the studied channels. Although the entrainment ratio is not direct 
result of scaling analysis, it is important scale for the dilution of channel.  
 
Figure 4.5 The normalized centreline axial velocity for the model and prototype A, B&C (prototype A at scaling factor 
of 2, prototype B at scaling factor of 10, prototype C at scaling factor of 0.5).  
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Figure 4.6 The normalized inlet and exit axial velocity for the model and prototype A, B&C (prototype A at scaling 
factor of 2, prototype B at scaling factor of 10, prototype C at scaling factor of 0.5).  
 
Figure 4.7 The normalized centreline entrainment velocity for the model and prototype A, B&C (prototype A at 
scaling factor of 2, prototype B at scaling factor of 10, prototype C at scaling factor of 0.5).  
 
 
Figure 4.8 The normalized centreline temperature for the model and prototype A, B&C (prototype A at scaling factor 
of 2, prototype B at scaling factor of 10, prototype C at scaling factor of 0.5). 
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Figure 4.9 Rayleigh number based on the centreline temperature along the height of the channels of model and 
prototype A, B&C (prototype A at scaling factor of 2, prototype B at scaling factor of 10, prototype C at scaling factor 
of 0.5). 
 
Figure 4.10  The normalized centreline axial vorticity Y for the model and prototype A, B&C (prototype A at scaling 
factor of 2, prototype B at scaling factor of 10, prototype C at scaling factor of 0.5).  
 
Figure 4.11 The normalized inlet mass flow rate and the entrainment ratio for the model and prototype A, B&C 
(prototype A at scaling factor of 2, prototype B at scaling factor of 10, prototype C at scaling factor of 0.5).   
The scaling effect is an effect in fluid flow that results from changing the scale only. 
By comparing the inlet Reynolds number (Re) between the model and the prototype A 
B and C (see Figure 4.12), it can be seen that inlet flow still laminar for prototype A, 
B and C. However, due to the generated swirl, the flow inside the channel was 
considered as turbulent (See Figure 4.13). It can be seen that by decreasing the scaling 
factor to 0.5, the inlet Reynolds number decreases by 3.25%, and by increasing scaling 
factor to 2, it decreases by 3.95%, while the decreasing percent of inlet Reynolds 
number is 5.3% in the case of scaling factor of 10. Moreover, the scaling does not 
affect the turbulence approximately inside the split channel where the change in Re is 
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insignificant along the channel. It can be concluded that under these conditions of the 
current scaling, the inlet flow is laminar, while the flow within the channel is turbulent 
and scaling effects on turbulent inside the channel are similar. 
 
Figure 4.12 the scaling effect on the inlet Reynolds number. 
 
Figure 4.13 Reynolds number along the split channel 
4.3 Characteristics of Swirl Flow within the Channel 
In this section, the most common characteristics of the swirl flow which will be 
reported in Chapter 8 have been presented for the swirl flow induced inside Kuwana’s 
channel (Kuwana et al., 2011) with two identical slots at an inlet temperature of 
1,573.15 K. The reported results here are the centreline axial velocity, the centreline 
temperature, the centreline axial vorticity, the average inlet and exit velocity, the 
entrainment ratio, the inlet mass flow rate, and the efficiency. 
4.3.1 The Normalized Centreline Axial Velocity Profile 
The centreline axial velocity, as seen in Figure 4.14, changes along the height of the 
channel. Around the inlet region, it has its highest magnitude at the base of the channel 
and then gradually decreases. After that it decreases sharply before it starts decreasing 
slowly along the rest of the height of the channel to reach its lowest value at the top of 
the channel. 
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
0 1 2 3 4 5 6 7 8 9 10
R
ey
n
o
ld
s 
N
u
m
b
er
 
(ρ
in
×
d
in
×
V
in
/µ
re
f)
Scaling Factor
0.5
1
2
10
0
2500
5000
7500
10000
12500
15000
17500
0 0.2 0.4 0.6 0.8 1
R
ey
n
o
ld
s 
N
u
m
b
er
 
(ρ
c
×
d
c
×
V
c/
µ
re
f)
Y/Hc
model
prototype A
prototype B
prototype C
Chapter 4 - Modelling Swirl Flow inside Split Channel with 
Two Slots and Scaling Analysis 
__________________________________________________________________________ 
Safia R. Al Atresh                                                                                                                 56 
 
 
 
Figure 4.14 Centreline axial velocity along the channel height 
4.3.2 The normalized Centreline Temperature Profile 
As shown in Figure 4.15, the centreline temperature (Tc) profile of the swirl plume is 
similar to that for the axial velocity at the same location. Near the inlet, there is no 
effect of cooling by entrainment air on the temperature where it is almost constant. Tc 
then starts decreasing suddenly until it reaches the last region where the temperature 
continues decreasing gradually to reach its minimal value at the top of the channel. 
 
Figure 4.15 Centreline temperature along the channel height 
4.3.3 The Normalized Entrainment Velocity Profile 
For the split channel with two slots, the maximum entrainment velocity occurs near 
the base of the split channels and then decreases as the height increases (see Figure 
4.16). Due to the greatest difference in density between the ambient air and the swirl 
hot plume occurring at the base, the maximum entrainment velocity occurs there. This 
difference decreases along the height as density differences decrease along the channel 
leading to reductions in the suction of air and consequently the entrainment velocity 
(Al-Atresh et al., 2014).  
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Figure 4.16 The normalized entrainment velocity along the split channel at inlet temperature of 1,573.15 K (Adapted 
from Al-Atresh et al., 2014) 
4.3.4 The Normalized Centreline Axial Vorticity 
The figure 4.17 shows the trend of centreline axial vorticity along the height. 
According to Al Atresh et al. (2014), the vorticity is relevant to the quality of the 
mixing of the inlet and entrainment flows. The relationship between the velocity and 
vorticity can be written as following: 
?⃗? = 𝑐𝑢𝑟𝑙 ?⃗? = ∇ × ?⃗?                                                                                (4.63) 
where ?⃗?  is vorticity and ?⃗?  is velocity vector.  
The maximum centerline axial vorticity is near the base as reported in Hassan et al. 
(2001) and shown in Figure 4.17 and then the vorticity decreases as the height 
increases to reach its lowest value at the top of the channel. This can be explained by 
the entrainment velocity having an almost maximum constant value around the inlet 
which demonstrates the highest suction there and, as a result, generating maximal 
vorticity (Al-Atresh et al, 2014).  
 
 
Figure 4.17 Centreline axial vorticity along the channel height at inlet temperature of 1,573.15 K (Adapted from Al-
Atresh et al., 2014) 
4.3.5 The Normalized Average Inlet and Exit Velocity 
The normalized average inlet axial velocity is 1.213; which is higher than the average 
exit axial velocity at the top of the split channel (0.192). This could be because the 
cold entrainment airflow leads to a decrease in the buoyant force due to the decrease 
of temperature.  
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4.3.6 Entrainment Ratio and Normalized Inlet Mass Flow Rate 
The entrainment ratio can be defined as the ratio between the average entrainment 
mass flow rates from the lateral slots to the average inlet mass flow rate from the inlet 
of hot air. This ratio of entrainment mass flow to the inlet mass flow rate represents 
the dilution (Al-Atresh et al. 2014).  
According to Al-Atresh et al. (2014), the values of the average total entrainment mass 
flow rate and the average inlet mass flow rate are 0.01863 kg/s and 6.29×10-4 kg/s 
respectively, producing an entrainment ratio of 29.6 (See equation 4.26). The 
magnitude of the entrainment ratio is relatively high because the cross-sectional area 
of the inlet at the base (0.00071 m2) is less than that for the two slots (0.02 m2). 
According to equation 4.55, the magnitude of the normalized inlet mass flow rate is 
44.19.  
4.3.7 Efficiency 
The efficiency (η) can be defined simply as ratio of generated kinetic energy due to 
induced swirl flow to the inlet thermal energy at the base of split channel.  
η =
 0.5.m.𝑉2
𝑚.𝐶𝑝.(𝑇𝑖𝑛−𝑇𝑎𝑚𝑏)
                                                                                      (4.64) 
In CFX language, the above question has been written as follows: 
𝜂 = 100 ×
(𝑚𝑎𝑠𝑠𝐹𝑙𝑜𝑤𝐼𝑛𝑡(𝐾𝐸𝑒𝑛𝑒𝑟𝑔𝑦)@𝑃𝑙𝑎𝑛𝑒1)
(𝑚𝑎𝑠𝑠𝐹𝑙𝑜𝑤( )@𝑖𝑛𝑙𝑒𝑡𝑎𝑖𝑟 × 𝐶𝑝𝑎𝑡 𝑇𝑖𝑛
[𝑚2𝑠−2𝐾−1] × (𝑇𝑖𝑛 − 298.15)[𝐾])
                   (4.65) 
η: Efficiency of converting thermal energy to kinetic energy (-), 
m: Average mass flow rate, kg/s,  
V: Average axial velocity, m/s, 
Cp: Heat capacity at inlet temperature, KJ/Kg.K 
𝑇𝑖𝑛: Inlet temperature, K 
𝑇𝑎𝑚𝑏: Ambient temperature (298.15 K), K 
KEenergy = 0.5*Velocity v*Velocity v 
For Tin=1,573.15 K, dp = 0.03 m and on plane1 (diameter of 0.1 m and at height of 
1 m), the efficiency is: 
η = 100* (0.0117 W / 880.01 W) = 0.00133%. 
According to Figure 4.18, the efficiency is 0.0005728% at the base and then decreases 
to its lowest value (0.0003168%) at Y/H =0.05 because the mass flow rate at this height 
is decreased due to the swirl flow. It then starts increasing to reach its highest value 
(0.00133%) at the top of the channel at Y/H=1. The reason for η being very small is 
that the converting percentage of thermal energy to the kinetic energy is very small, 
while the rest of the thermal energy stays as it is through the swirl plume. In other 
words, the produced entrainment flow is insufficient to produce high kinetic energy. It 
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could be that having more than two slots leads to an increase in the produced kinetic 
energy.  
 
Figure 4.18 The efficiency along the height of the channel at inlet temperature of 1,573.15 K.  
4.4 Discussion 
The swirling flow generated by the split channels presents a velocity profile which 
differs from that for a fire-whirl. The centreline axial velocity of the swirling flow at 
the base of the channel is greater than the axial velocity of the fire-whirl but the axial 
velocity decreases as the height increases. 
In the absence of fire, it is expected that the temperature of swirling air within the split 
channel decreases more than that for the fire-whirl case due to the mixing with the 
entrained air which lowers the buoyancy force and consequently the axial velocity.  
In addition, the positive and negative values of radial velocity along the radius of the 
channel indicates that the upward-moving air is expanding out from the central plume 
(Ur positive) and mixes with the entrained inflow air from the lateral gaps (Ur negative, 
see Figure 4.2c). However, in the case of fire, the air moving in is due to the suction 
generated by the fire (Ur negative, see Figure 4.2c). The tangential velocity of the 
swirling flow has the same trend as that for the fire-whirl; however, it can exceed the 
magnitude of the fire-whirl using a high inlet temperature (see Figure 4.2b). In the case 
of the fire-whirl, the maximum tangential velocity occurs closer to the centreline of 
the channel (see Figure 4.2b). A higher tangential velocity at a shorter radius shows a 
stronger rotation of the flow. The radial velocity of the flow within the channel is much 
smaller than that for the fire-whirl whatever the inlet temperature is and has a different 
profile. This is evidence that the radial mass flow rate in the case of the swirling hot 
air is much less than in the fire-whirl case. This leads to the expectation that the 
entrainment velocity in the case of the fire-whirl is much higher than in the case of the 
swirling hot air in the absence of combustion, which consumes a significant amount 
of oxygen, thereby affecting the fluid mechanics due to the increased concentration 
gradients that are formed. 
From the comparison between the CFD results using hot air as the heat source and the 
results of the fire-whirl in Hassan et al. (2005), it can be seen that the overall velocity 
behaviour is different. For the fire-whirl case, the tangential velocity is dominant, 
while in the case of the swirling hot air the axial velocity component is dominant at 
any inlet temperature reported here. 
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From Figure 4.3, it seems that the swirl in the case of the fire is stronger than that of 
using a hot air flow as the heat source. Both the radial and tangential velocities of the 
fire-whirl are higher than those for the swirling hot air, even at an inlet temperature of 
1,573.15 K. 
The dimensionless groups are produced using the scaling analysis of this swirl flow. 
The Pi theorem needs the expected parameters which affect the flow. These parameters 
are rearranged to provide around 16 groups which can represent this swirl flow under 
the study. It was assumed that the centreline axial velocity, temperature, vorticity, inlet 
and total entrainment mass flow rate of the swirl plume are the most important 
parameters expected to affect the flow. Assuming that the thermodynamic and 
transportation properties of hot air are constant simplifies the mathematical treatment 
of the governing question to obtain the normalized groups. The correct choice of time 
scale (√𝐻𝑐 𝑔⁄ ) was used to define the reference velocity and reference vorticity using 
the governing equations methodology. The scaling analysis of fire-whirls as mentioned 
in Dobashi et al. (2011) produced dimensionless groups based on the height of the 
swirl flame, which differs from the purposes of the scaling analysis of the current 
study. This is the reason that the comparison between the swirl flow from fire and hot 
air was not presented in the normalized variables. In this study, the preliminary 
validation of the scaling analysis is conducted using a CFD simulation, which makes 
it easier and quicker to test the normalized groups. The normalized centreline velocity 
(Froude number), temperature, vorticity, inlet mass flow rate, entrainment ratio and 
Rayleigh number based on the centreline temperature along the height of the channel 
have good agreement whatever the scaling factor is. This demonstrates the acceptable 
assumptions to the simplified governing equations, correct scaling analysis and its 
results of the dimensionless groups. The scaling effect was investigated for the 
turbulence at the inlet and along the centreline of the channel. The results show that 
inlet flow is laminar and the flow inside the split channel is turbulent. 
The centreline velocity and temperature profiles show that the swirling hot air 
generated from these channels consists of three regions. The first region is where the 
momentum force is higher than the buoyant force (velocity is almost constant) and the 
second region is where a decrease of the momentum force leads to a decrease in 
velocity and temperature. The third region is where the thermal buoyancy is dominant. 
The normalized maximal centreline vorticity around the inlet is related to the 
entrainment velocity in that vicinity being at its maximum. The entrainment velocity 
in the tangential direction demonstrates the strong degree of circulation, thereby 
increasing the vorticity. The vorticity then starts decreasing with the increase of height, 
due to the decrease of entrainment velocity and, consequently, circulation.  
4.5 Conclusion 
In this chapter, the common CFD modelling of an induced swirl flow inside a split 
channel with two slots using inlet hot air was reviewed. A comparison between the 
available velocity measurements of a few different fire-whirls and their analogies 
produced by replacing the fire with a hot air flow was achieved using a cylindrical 
channel. The scaling analysis is then presented in details using the two methods of 
scaling which followed with CFD validation. Furthermore, the most important 
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variables that characterise swirling hot air were presented using Kuwana’s channel 
(2011). The discussion of the results was followed by the conclusion. 
It can be concluded from these results that the general trend of axial velocity and 
tangential velocity for both the fire-whirl and swirling hot air are similar for Hassan’s 
channel (2011) but the radial velocity is different. In addition, for Kuwana’s channel 
(2011), the axial velocity is also similar, while both the tangential and radial velocities 
(Hayashi et al., 2013) are similar in trend. Another similarity is that the radial velocity 
is less than the tangential velocity for both the fire-whirl and swirling hot air. The most 
comment difference is that the tangential velocity is the maximal velocity component 
in the case of the fire–whirl, while the axial velocity is the maximal in the case of 
swirling hot air. 16 dimensionless groups were produced and provide good agreement 
with the CFD modelling among the model and prototypes. Using different scaling 
factors, the flow inside the channel was turbulent and no change in the turbulence was 
detected. 
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5 Experimental Setup 
In this section, the apparatus used is explained, the instruments required to conduct the 
experiments are described, the experimental safety is described, as are the 
experimental procedures to be followed. 
5.1 Apparatus of Split Channel 
A transparent split channel, electrical heater, cylindrical pot, and insulation base will 
be explained in detail in the next sections.   
5.1.1 Stationary Cylindrical Split Channel 
The split channel consists of two identical Pyrex glass half cylinders, which were made 
by cutting a cylinder along its central axis (see figures 5.1a and 5.2 No. 1). The two 
tubes have a height of 0.25 m (see figure 5.1b), external diameter of 0.1 m and wall 
thickness of 2.5 mm. Both halves are translated in Z horizontal direction by ±7 mm to 
produce a gap width of 11.5 mm at the centreline plane (see figure 5.1a). In addition, 
the two half cylinders are moved ±5 mm in horizontal X direction to have 10 mm as 
depth of gap. 
 
Figure 5.1 Split channel in the experimental set-up. (a) Top view; (b) side view. din=30mm, Hc=250mm, 
Wg=11.5mm, dg=10 mm, Rc=47.5 mm, e=2.5 mm (Al-Atresh & Wandel, 2014). 
5.1.2 Electrical Heater 
A Kambrook Hotplate (model KHP1), 0.185m in diameter and with 1600W in power, 
was used as the heat source to produce the buoyant plume (see No. 2 in figure 5.2). 
The variable heat control has four independent settings.  
5.1.3 Cylindrical Pot 
The Cylindrical pot in which the plume is generated is made from steel (see No. 3 in 
figure 5.2). The height and diameter of the cylindrical parts are 0.2 m and 0.22 m, 
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respectively. Four metal legs are used to raise the cylindrical pot off the hot plate by 
0.02 m to allow ambient air currents to pass through it to the top hole via natural 
convection. Two holes are made in the cylindrical pot. The first hole with 0.05 m 
diameter is in the centre of its top. The second hole with 0.01 m diameter is on the side 
of the cylindrical pot and it is to introduce the particles of seeding (olive oil). In general, 
the purpose of the cylindrical pot is to direct the generated hot air currents. 
 
Figure 5.2 View of swirling buoyant experiment arrangement. ① Pyrex glass split channel, ② Kambrook Hotplate, 
③cylindrical pot, ④ insulated base, and ⑤ thermocouple and their accessories (⑤(a) thermocouple type K, ⑤(b) 
signal converter, ⑤(c) Computer (Al-Atresh & Wandel, 2014). 
5.1.4 Insulated Bases 
Three layers of insulation sheet were placed on top of the cylindrical pot (see No 4 in 
figure 5.2). The bottom layer is the Kaowool sheet (See No. 1 in figure 5.3) with a 
0.05 m diameter hole. The middle layer, a Fibre-cement sheet (See No. 2 in figure 5.3) 
also has a 0.05 m diameter hole; the uppermost wood sheet has a hole of 0.03 m 
diameter. While the first two layers are to prepare an adiabatic plane for the cylindrical 
split channel to stand on, the wood base (See No. 4 in figure 5.2) is to add more thermal 
insulation and to contract the inlet diameter from 0.05 m to 0.03 m for the hot air at 
the base of the split channel. 
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Figure 5.3 The layers of the insulated base. ① Kaowool sheet with thickness of 0.01 m, ② Fibre-cement sheet with 
thickness of 0.02 m.  
5.2 Instruments 
The instruments that were used to conduct the experiments are the particle image 
velocimetry system (PIV), fog machine, thermocouples, and some accessories. 
5.2.1 Particle Image Velocimetry System (PIV) 
Particle image velocimetry (PIV) is a state of the art optical measurement technique, 
based on seed particles, for flow velocity (McKeon et al., 2007). Figure 5.4 shows the 
working principles of PIV. The particles being introduced to the fluid should be small, 
so that they follow the movement of flow without disturbing it, and must scatter the 
laser beam in order to be visible. As the displacement of particles can be measured 
during a certain time interval (which must be small enough to be able to track the 
particles and long enough to measure the velocity), the velocity field and flow direction 
of the flow being studied can be estimated. 
The Two-dimensional particle image velocimetry (2D PIV) apparatus, supplied by 
Coherent Scientific Pty Ltd, consists of the seeding particles, a camera, a laser with an 
optical arrangement to limit the physical region illuminated (normally a cylindrical 
lens to convert a light beam to a line), and a synchronizer to act as an external trigger 
for control of the camera and laser.  
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Figure 5.4 Standard PIV Setup (Measurement Principle of Particle Image Velocimetry, 2014) 
5.2.1.1 Seeding Particles (Particle Generator and Operating Liquid) 
In this study, the seeding was generated by a PivPart40 aerosol generator from 
Technology for Particles, Imaging & Velocimetry (PIVTEC). An air compressor 
connected to the particle generator supplies pressurized air to produce tiny droplets of 
liquids. The container volume within the atomizer is around 15 litres. The typical 
particle size is 1 µm peak and typical seed output per jet is 108 particles/second. If the 
atomizer operates at its maximum seed production rate, the device will atomize liquid 
at rates of approximately 1 mm3/s (Aerosol Generator PivPart40 series, 2012).  
The seeding, produced by extra virgin olive oil, matches the most important common 
properties of seeding particles which are: non-toxic, non-corrosive, and chemically 
inert (Melling, 1997). The olive oil particles in this study do not combust with the hot 
air because the maximum temperature reported in the present study (Tin = 141.47⁰C) 
is less than the flash point of olive oil (Tf = 498.15 K) (Material Safety Data Sheet 
Olive oil MSDS, 1997). As a result, it can be considered an inert substance. In addition, 
olive oil is one of the most commonly used substances for seeding in gas flow (Melling, 
1997) and is inexpensive in comparison with other tracers. 
The liquid atomizer (Laskin nozzle generator) is one of the common ways to generate 
and seed the particles of tracer for PIV measurements (McKeon et al., 2007, p.293). 
The quality and the feasibility of the PIV measurements are affected by the manner in 
which the tracer can be supplied into the fluid under study. First, using a smoke 
machine is not preferable due to the quick vaporization of fog liquid and the change of 
the particle size. Second, the dispersion of solid particles is likely to be aggregated, as 
well as it being very difficult to supply the solid particles for sufficient time to conduct 
the experiments. It is been found that the particles generated by the Laskin nozzle 
generators can remain in the surrounding atmosphere for hours and their size does not 
vary with different operating conditions (Aerosol Generator PivPart40 series,  2012).     
Figures 5.5 and 5.6 show a schematic and picture of a Laskin nozzle particle generator 
with four outlet nozzles for generating oil particles and one inlet pressurized air valve 
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such as that used in this study. The pressure of outlet particles depend on whether the 
outlet of the atomizer is connected to the apparatus under study or not. If it is not 
connected, the outlet pressure will be atmospheric; otherwise it will not (Aerosol 
Generator PivPart40 series, 2012). The air bubbles within the olive oil are created by 
adding compressed air, having a pressure variance of 0.5 bar-1 bar regardless of the 
outlet pressure applied to the atomizer nozzles. Small droplets are produced and 
carried with the bubbles to the olive oil surface. The small particles pass through the 
gaps in the impactor plate and reach the atomizer outlet while the big particles remain 
(Raffle et al. 2007). The mass flow rate of particles and their concentration can be 
adjusted by both the number of opened Laskin nozzles and the inlet pressure of the 
compressed air. According to Sabroske et al. (1996), the mass flow rate of generated 
particles increases with additional open Laskin nozzles. In addition, the mass flow rate 
of particles through the nozzle increase with the increase of the pressure applied to the 
nozzle (Sabroske et al., 1996; Echols & Young; 1963, p.13). The outlet concentration 
of particles (number of particles per cubic centimetre) also increases with increasing 
pressure from the nozzle (Sabroske et al., 1996; Echols & Young; 1963, p.10). It can 
be concluded that the effect of the nozzle pressure and mass flow rate of oil particles 
on the buoyant flow cannot be ignored.  
 
Figure 5.5 A schematic of Laskin Nozzle Particle Generator with Four Nozzles (Raffel et al., 2007) 
 
Figure 5.6 The PivPart40 particle generator (Aerosol Generator PivPart40 series, 2012) 
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5.2.1.2 sCMOS Camera  
In the current study, an ILA.PIVsCMOS camera (see figure 5.7) is used and it has a 
scientific CMOS (sCMOS) imager. This imager uses high-resolution image 
acquisition (2560×2160 pixels), the highest dynamical range available (22000:1), high 
quantum efficiency (57%), and extremely low noise (< 2.0 electrons at 50 fps). Its 
inter-framing time, which makes this camera suitable for PIV measurements, is as low 
as 200 ns and its frame rate is 100 fps. In addition, it has a 532 nm laser-line pass filter, 
and its mode is double exposure (ILA.PIV.sCMOS Camera, 2014). It is very useful in 
the area of PIV in large aerodynamic facilities. Due to the previously stated 
specifications, the overall light sensitivity is increased. As a result, the light sheet can 
be extended to a larger region with the same amount of laser power. 
ILA.PIV.sCMOS has a high anti-blooming factor which is about 1:10,000 to increase 
its sensitivity for more accurate results. For PIV generally the particles are of roughly 
uniform brightness, and as long as the camera is sensitive enough to detect them above 
the noise, the only sensitivity concern is blooming effects that can come from 
reflection of aerodynamic models or nozzles in the field of view. Blooming adversely 
affects the algorithms used for analysing PIV images and can potentially obscure 
important components of the field of view (PIV imaging camera, 2012). 
 
Figure 5.7 sCMOS camera (ILA.PIV.sCMOS Camera, 2014) 
Figure 5.8 shows the 532 nm laser-line pass filter of the sCMOS camera. The sCMOS 
camera is equipped with a filter (diameter of 85 mm) which is placed in front of the 
camera lens to decrease the sensitivity to infrared light (Raffle et al., 2007, p.73).  
 
Figure 5.8 The filter of the sCMOS camera.  
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5.2.1.3 Laser, Optics and Articulated Light Arm 
The Neodymium doped-Yttrium-Aluminium-Garnet (Nd:YAG) laser is one of the 
popular lasers used in PIV systems. In this research the Quantel EverGreen 145 
double-pulse (Nd:YAG) laser manufactured by Quantel is used to generate the laser 
sheet during the experiments. The EverGreen laser is designed with 2 ×145 mJ 
delivered at 15 Hz per pulse-pair repetition rate at 532 nm (Coherent scientific, 2012). 
Figure 5.9 shows the output power from the EverGreen Quantel for each pulse at 15 
Hz. Neodymium doped -YAG lasers (Nd:YAG lasers λ = 532 nm) are the most 
important solid-state laser for PIV in which the beam is generated by Nd3+ ions. The 
Nd3+ ion can be incorporated into various host materials. For laser applications, YAG 
crystals (yttrium-aluminium-garnet) are commonly used. Nd:YAG lasers have a high 
amplification and good mechanical and thermal properties. The emission of Nd:YAG 
laser has a green colour because a nonlinear crystal is used to treat the frequency of 
the Nd:YAG laser emission by converting infrared light of a wavelength of 1064 nm 
into visible green light of 532 nm. Due to the high power of the laser and its high 
ability to be bundled as a tiny light sheet, it is the preferred option for use in PIV 
systems (Raffel et al., 2007). Figure 5.9 shows the laser power for each produced pulse 
at a frequency of 15 Hz and the selected energy (250 mJ) for this study. This selected 
energy is taken based on the maximum linear dimension of the area of interest (Height 
of channel = 25 cm) as recommended by McKeon et al. (2007, p.313).     
 
Figure 5.9 Output Power from Quantel EverGreen 145 (Quantel, 2012) 
The light sheet Optics (LSO) (see figure 5.10), provided by Intelligent Laser 
Applications (ILA), consist of cylindrical and collimator lenses. The available 
cylindrical lens can be adjusted to different angles (16, 30, and 50 degrees) which 
allow the user to diverge the light sheet. This LSO can work with Nd:YAG lasers up 
to 600 mJ/pulse, and the special collimator design of this LSO is important in treating 
highly divergent beams. The important specifications of this LSO are the focusing 
distance (range of 0.1-3 m), and the minimum light sheet thickness (approximately 0.5 
mm). The number of lenses is 4 (Parallel Light Sheet Optics, 2014).  
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Figure 5.10 Light sheet optics (Source: Parallel Light Sheet Optics, 2014)   
The articulated arm shown in figures 5.11a and b has a reach of up to 1.6 m and it 
allows the light sheet to be conveniently delivered to different parts of the flow field, 
while maintaining the safe containment of the beam. It helps to pass the beam safely 
from the laser outlet at alignment to the experiment. It can also be oriented in any 
direction (Articulated Mirror Arm, 2014).  
 
Figure 5.11 Articulated Mirror Arm. (a) Isometric illustration, (b) side schematic (Articulated Mirror Arm, 2014). 
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5.2.1.4 Synchronizer 
The external trigger for both the laser and camera can be controlled by a synchronizer 
(see figure 5.12). The synchronizer unit (under the control of the ILA software) 
controls all the experimental timing requirements and automatically synchronises the 
image acquisition to the laser pulses according to the experimental parameters entered 
by the user. In other words, the synchronizer can dictate the timing of each frame of 
the camera's sequence in conjunction with the firing of the laser to a high accuracy. 
The synchronizer uses highly advanced features and reliable timing with very low jitter 
down to 0.1 ns.  
 
Figure 5.12 Synchronizer unit (Synchronizer, 2014). 
5.2.1.5 Accessories of PIV System 
 Laser Safety Goggles 
The goggles as shown in figure 5.13 are made of a frame and filters. The white frame 
with black straps is made of a rigid durable plastic body with strategically placed 
venting to reduce fogging. The filters are made of orange glass and their optical density 
(OD) is 8+ which can be used for Nd:YAG lasers with a wavelength range of 315-532 
nm (Laser Safety Goggles, 2014).  
 
Figure 5.13 Laser safety goggles (Laser Safety Goggles, 2014).   
 Air Compressor 
The main air compressor tank (TTBC 32/270 compressor) as shown in figure 5.14 has 
a maximum operating pressure of 10 bars and it delivers 704 litres per minute of fresh 
air. It has a 5.52 KW (7.5 hp) triple cylinder cast-iron pump on a 270 litre tank. Figure 
5.15 shows the pressure regulator to control the maximum level of outlet pressure of 
compressed air. The outlet of the regulator is connected with the inlet of the atomizer 
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to be fed with compressed air. The maximal scale of gauge pressure of the regulator is 
10 bars. 
 
Figure 5.14 Air compressor tank (TTBC 32/270 Compressor). 
 
Figure 5.15 Main pressure regulator controlling outlet pressure gauge of compressed air in bars. 
5.2.2 Fog Machine  
5.2.2.1 Fog Machine  
The fog generator, as shown in figure 5.16(a), is used to generate thick smoke to 
visualise the swirling flow. It has power of 400 W, and its weight is 1.6 kg. The smog 
oil capacity of its container is 0.3 L with 8 minutes heat-up time required to produce 
the fog. The output volumetric flow rate of fog is 0.943 m3/s. 
5.2.2.2 Accessories of Fog Machine 
A wireless remote control (figure 5.16(b)) and fog liquid are two accessories with the 
fog machine. The commercial name of the fog liquid product is Eurolite Smoke Fluid 
“P” Professional (figure 5.16(c)). This fog liquid is a clear, odourless liquid. Its boiling 
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point is a minimum 100⁰C and its flash point is greater than 140⁰C. Its ignition 
temperature is 355⁰C but it cannot self-ignite. It fills the container and is heated until 
it evaporates and produces the fog. This liquid is a mixture consisting of water and 
multi-valued alcohols (2,2 - Oxydiethanol, Diethylenglykol) with less than 25% by 
volume. This liquid is inflammable (Smoke-fluids EUROLITE "B", "C", "P", "E", "X", 
"DSA", 2010). 
 
Figure 5.16 Fog machine with its accessories. (a) Fog machine, (b) wireless remote, (c) Eurolite 
Smoke-Fluid “P” Professional 
5.2.3 Thermocouples and Their Accessories 
The k type thermocouple (See No. 5a in figure 5.2) was used to measure the inlet and 
ambient temperatures. The temperatures are read via computer using the LabVIEW 
program via signal converter during the experiments and saved as text files (see figure 
5.2-b and 5.2-c). 
5.3 Experimental Procedures 
The experimental procedures can be divided into the Fog machine procedure, PIV 
laboratory safety procedure, and the PIV procedure. 
5.3.1 Fog Machine Procedure  
1. Switch on the heat source (electrical plate) for at least one hour to reach a thermal 
steady state for the buoyancy-driven flow (See figure 5.17). 
2. Turn the fog machine on around eight minutes before starting step 3. 
3. Introduce the smoke from the fog generator at the side of the cylindrical steel 
pot (See figure 5.17-①) so that the updraft of the hot air from the inlet port at 
the base of the channel carries the smoke inside the split channel. 
4. The swirl can be visualised due to the suction at the two slots which creates 
circulation of the updraft smoke. 
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Figure 5.17 Experimental setup to visualise the swirl flow using the smoke generator. 
5.3.2 PIV Laboratory Safety 
1. Review laser safety sheet to know the risks of using the laser. 
2. Read the laser working procedure to know how to operate the Quantel 
EverGreen 145 and generate the laser beam using synchronizer software.  
3. Use the necessary laser safety glasses with optical density (OD) blocking green 
beams during the work with the laser to avoid the laser’s emissions reaching the 
eyes. 
4. Hang warning signs in front of the laboratory during operation of the laser to 
inform others. In addition, hang a picture showing the switch-off button for use 
in emergencies. 
5. Remove all jewellery and watches before starting work with the laser to avoid 
increasing the reflection of the laser in the laboratory environment. 
6. When the laser sheet is oriented horizontally, keep the vision level out of the 
laser beam to avoid any unexpected accident.  
7. After the user finishes recording the data, switch the laser off first and then work 
with the rest of the experimental set-up. 
5.3.3 PIV Procedure 
5.3.3.1 General Procedure 
1. Switch on the heat source at least two hours before commencement of data 
recording and open the door of the room. This allows the buoyancy-driven flow 
to reach a near-thermal steady-state inside the enclosure. As the heated air in the 
plume rises in the middle of the plume collector, the plume will go through the 
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inlet at the base of the split channel. The entrained ambient air will start moving 
inside the split channel because of suction at the slots, so that a swirling flow can 
be generated due to interaction between the buoyant plume and angular 
momentum.  
2. The laser sheet will be directed through the fluid field horizontally at different 
heights measured by a ruler (0.032, 0.0335, 0.05, 0.125, and 0.24 m) and the 
camera will be located at the top of the split channel in the horizontal plane to 
ensure the interaction area where the data will be recorded is correct (see figures 
5.18 and 5.19). 
3. Open the synchronizer software and select the values for the laser energy for 
pulses 1 and 2 and the delay between the two laser pulses. Calculate the exposure 
time from the following equation (ILA Synchronizer, 2009): 
pulse width = Exposure time in Camera = Energy1 + 0.5 × pulse distance (5.1) 
Ensure that the exposure time in the synchronizer software is the same as the 
time recorded in the camera software. In addition, to ensure that the user works 
with the usual camera width, in synchronizer software with version 2.3.09, the 
setting dialog in should be opened and enable usage of sCMOS offset 
(9934.99 ms).  
4. Before switching the laser to external mode, make sure the laser receives a 
continuous trigger signal that matches the set frequency in the Q-switch1 control.  
 
Figure 5.18 Experimental set up (orientating the laser sheet horizontally and placing the camera over the split 
channel). 
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Figure 5.19 The visualization of horizontal laser sheet at height of 0.05 m (Al-Atresh & Wandel, 2014). 
5. To conduct pre-visualization of the oil particles before recording the image pairs, 
select calibration mode on the camera and turn on the laser. After that, introduce 
the seeding (olive oil particles) into the enclosure by opening the compressed air 
from the main valve (See figure 5.15) at a pressure of 0.5 bar. Set the pressure 
on the pressure regulator in the atomizer as low as possible and check the density 
of particles is sufficient prior to commencing recording and wait around five 
minutes to reach a steady inlet hot air temperature.  
6. Focus the camera to confirm the particles are at an acceptable size. Refocusing 
of the camera should be performed when the laser sheet is moved up or down.  
7. After verifying that the camera is collecting focused particle images, set the 
camera to acquisition mode, enter the desired number of images and then press 
record and simultaneously record the inlet hot air temperature. All the images 
were recorded in the PCO image format as base image for the first exposure and 
cross image for the second exposure. 
8. Turn off the laser when the recording is complete. Review the sequence of 
images and check the particle shift, seeding density, and particle image focus. 
Save the recording if satisfied or repeat steps 5.3.3.1-5 to 5.3.3.1-8. To fix the 
particle shift, the pulse distance time should not be too short (leading to lack of 
displacement between the particles in the image pairs), nor too long (causing a 
decrease in resolution when particles leave the light sheet).  
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9. The time of recording is 30 min, which is longer than the residence time of the 
particle (0.237 seconds) within the split channel based on the inlet axial 
centreline velocity (1.0563 m/s). As result, the average velocity data can be 
considered to be steady state results and can be compared with CFD results 
resulting from applying steady state mode. 
10 By moving the laser sheet up, an accurate ruler used to set the height and the 
thickness of the laser sheet. The camera needs to be refocused again to have an 
acceptable view of the seeding.  
11 The laser sheet is orientated vertically above the split channel along its centreline, 
and the camera placed horizontally as shown in figure 5.20 for general setup and 
figure 5.21 for visualization of the laser sheet. Follow steps 5-9 to have the 
required correct pair images.  
12 Due to the difficulty of applying conventional calibrations using the calibration 
plate, the recorded images of the split channel are used to identify the scale factor 
because the dimensions of the split channel are known, and there is a guarantee 
that calibration will be conducted exactly at the plane of interaction region.  
13 After the required recordings are taken, the laser is locked and the atomiser is 
turned off and finally the heater will be shut down and then the data processing 
can be started to obtain the velocity measurements. All the raw data will be 
processing using the PIVView 2C software to have the velocity profiles (See 
Appendix A for more details at section A.1).  
 
Figure 5.20 Experimental set up (orientating the laser sheet vertically and placing the camera across the split 
channel). 
Chapter 5 – Experimental Setup 
__________________________________________________________________________ 
Safia R. Al Atresh                                                                                                                 77 
 
 
 
Figure 5.21 The visualization of vertical laser sheet at the axial centreline plane. 
5.4 Summary 
This chapter covered all the details of the experimental set-up to conduct the 
experimental part of this study. First, the proposed apparatus was described in detail; 
second, the required instruments to carry out the experiments were listed and explained. 
Third, the procedure to carry out the experiments was divided into two parts: one was 
for swirl visualisation using the fog and the other part was the swirl visualization using 
PIV system. In addition, the safety procedure during the work in the laser laboratory 
was mentioned. The steps of the analysis of PIV acquisition data were presented in 
Appendix A1 with wide details.
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6 Experimental Results 
6.1 Introduction 
This section presents the PIV measurements of the velocity profiles of the swirl flow 
within the cylindrical split channel. Firstly, some preliminary experiments were 
conducted to assess the repeatability and reliability of the experimental results. 
Secondly, the experimental results including tangential, radial and centreline axial 
velocities are presented. Finally, the accuracy of the results is discussed. 
6.2 The Preliminary Experimental Results 
The radial, tangential and centreline axial velocities have been extracted through line 
1 and line 2 (as shown in figure 5.1). The main reason for choosing these locations 
was to compare the results with reliable and available results in the literature. In 
addition, the CFD results (see chapter 8) for this study were extracted along both the 
lines.  
These experiments were conducted to identify to what extent the results are repeatable 
and reliable. Firstly, the repeatability test is to ensure the experiment is reliable in 
producing consistent results, allowing direct comparison of results with different 
parameters. Secondly, the effect of the mass flow rate of seeding on the velocity profile 
is addressed. Thirdly, the effect of compressed air on the velocity distribution has been 
assessed.  
6.2.1 The Effect of Number of Images and Repeatability on 
Normalized Radial and Tangential Velocity Profiles  
In this section of the experiment, two consecutive experiments were carried out at 
intervals of 36 minutes each to study the effect of environmental conditions, which 
cannot be controlled, on the results. Both the measurements were conducted at a height 
of 0.032 m. The maximum number of recorded pair images is 6,600 because this 
number of pair images was sufficient to provide almost constant mean magnitude of 
radial and tangential velocities (see figures 6.1(a) and (b)). As shown in figure 6.1, 
there is an obvious difference between the results from 1,000 pair images and those 
from using 6,600 pair images. The difference between mean velocities becomes 
insignificant using 4,000 and 6,600 pair images. The computer processing time for the 
6,600 pair images was reasonable. The average inlet temperature and average ambient 
temperature of the first and second experiments for the repeatability part were 
399.95 K, 297.15 K and 398.25 K, 297.15 K respectively. 
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Figure 6.1(a) The normalized time-averaged radial velocity produced by analysing different number of pair images 
of the first experiment. Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m and Pin=0.15 bars. 
 
Figure 6.1(b) The normalized time-averaged tangential velocity produced by analysing different number of pair 
images of the first experiment. Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m and Pin=0.15 bars. 
Figure 6.2 shows the velocity profile at line 1 which runs in the cross-stream direction, 
from the centre to the wall (see Figure 5.1). The general trend of the mean tangential 
and radial velocities is to have their maximum at a distance from the centre, while the 
value of mean velocities is insignificant at the centre and the wall. The tangential 
velocity is zero at the surface of the wall due to the non-slip condition at the wall 
(Pozrikidis, 2009, p.206). The tangential velocity then rapidly increases due to the 
strong circulation beside the walls and reaches its maximal value near the wall, 
approximately where the entrainment flow reaches its maximum. After that, the 
tangential flow decreases as the circulation becomes weak until the tangential velocity 
reaches almost zero at the centre of the swirl. In addition, the normalized radial 
velocity (see Figure 6.4) at the same line increases from zero at the centre of the swirl, 
where the horizontal velocity component is zero, to its maximum value at the middle 
of the radius. This probably occurs at the radius where the balance occurs between the 
radial updraft of hot air moving outward from the inlet region and the inverse radial 
flow pushing toward the centre of the swirl due to the entrainment flow. It decrease 
dramatically to zero at the wall of the channel for all cases as the radial flow from the 
centre decreases and the radial flow generated due to the circulation at the slots 
increases. Figure A3.1 (a) shows the same profiles of tangential particle displacements 
in pixels (see A3). 
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The standard deviation can be defined as ‘a measure of dispersion from the mean for 
a set of observations’ (ANSYS, 2013). 
Std = (
1
n − 1
 ∑(Xi − X̅)
2
n
i=1
)
1/2
                                                         (6.1) 
Where:- 
Std: standard deviation, 
𝑋𝑖: the instantaneous variable (radial, tangential, or axial velocity),  
?̅?: the mean value of X, 
1
𝑛
∑ 𝑋𝑖
𝑛
𝑖=1 , 
n: the total number of instantaneous observations. 
 
Figure 6.2 The repeatability of normalized tangential velocity and the normalized average standard deviation at 
height=0.032 m. Opening one nozzle, Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m and 
Pin=0.15 bars. 
As shown in Figures 6.2 and 6.4, the average value of the velocities and their standard 
deviations are close to being identical for the two different experiments. The general 
trend of the standard deviations of tangential velocity is to have a maximum near the 
centre of the channel and then it starts decreasing through the inlet region. After that, 
it continues decreasing sharply and then has an almost constant value near the wall and 
finally decreases to zero at the wall. The standard deviation of the radial velocity is 
also higher at the inlet region and then starts decreasing sharply to reach its minimal 
value at the walls. According to Figure 6.2, the standard deviation of the tangential 
velocity is higher than the mean tangential velocity around the inlet region and then 
decreases until it reaches almost the same value of mean tangential velocity within the 
boundary layers. This is due to the high levels of turbulence that cause the 
instantaneous tangential velocity around the inlet port to potentially have significant 
positive or negative values. After that, the instantaneous tangential velocity is mostly 
positive, which decreases the standard deviation. Finally, beside the wall, it seems that 
the instantaneous tangential velocity is insignificant (see Figure 6.3). Figure 6.3 (a) 
shows the normalized mean and instantaneous x velocity components (at three 
randomly-selected times) along the line 1 in the Cartesian coordinate system. The 
normalized mean x velocity component shows positive and negative values; however, 
the main direction of swirl flow is counter-clockwise because the PIV coordinate is 
Cartesian. The positive mean x velocity component is when the swirl flow is in the 
direction of +x axis; while it is negative when the direction of flow is opposite to the 
direction of +x axis. The instantaneous x velocity component does not have a regular 
profile and it can be positive or negative at any position of line 1, probably because 
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the swirl flow is irregular due to the unbalanced entrainment flow. Figure 6.3 (b) shows 
the contour of instantaneous x velocity component for image number 0050 and the 
generated swirl flow at that moment. The value of that instantaneous x velocity 
component at line 0050 in Figure 6.3 (a) is apparent from the velocity contour. It has 
positive value at the right side of line 1 while it has a negative value beyond a short 
distance from the x axis. 
Figure 6.4 shows the normalized mean radial velocity is lower than the standard 
deviation for this velocity component. This is because the instantaneous velocities 
from most of the raw data were higher than the mean value or have negative 
instantaneous magnitude (see Figure 6.5). In addition, the standard deviation for the 
tangential velocity is higher than that for the mean radial velocity due to the higher 
magnitude of tangential velocity in comparison to radial velocity. Figure 6.5 (b) shows 
the contour of the instantaneous z velocity component with the vector map at image 
number 0050. This instantaneous velocity component appears irregular from the 
distribution of velocity magnitude and the data on the line denoted by 0050 in Figure 
6.5 (a) can be expected clearly from the velocity counter using the values in the legend. 
The velocity is positive from the right side of line 1 and then, after the centre of the 
channel, the instantaneous z velocity component has its maximum positive value.  
Figure A3.1 (b) also shows the same profiles of radial displacements of particles in 
pixels (see A3). 
The maximal normalized tangential velocity is 0.286 at a radius of 0.03085 m and 
0.276 at a radius of 0.03247 m for the first and second experiments respectively. The 
maximal radial velocities for both the first and second experiments are 0.0928 at a 
radius of 0.02273 m and 0.086 at a radius of 0.02111 m respectively. The maximum 
values of the normalized standard deviation of the instantaneous tangential velocity 
from their mean values for both the first and second experiment are 0.46 at the centre 
of the channel. The maximum standard deviations of the instantaneous radial velocity 
for both the experiments are 0.352 at the centre of the channel. It can be also seen that 
at this height (0.032 m), the mean radial velocity is higher than the mean tangential 
velocity at a radius lower than 0.012 m, and the reason for that is reported later in the 
discussion. The mean velocities of the first experiment are slightly higher than the 
mean velocities of the second experiment. This is due to the slight increase of the 
average inlet temperature of the first experiment. The repeatability of the tangential 
and radial velocities is reasonable and reliable along line 1.  
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Figure 6.3 (a) Some of the normalized instantaneous x velocity component for x = 0 in comparison with the mean 
value of the x velocity component for the first experiment. 
 
Figure 6.3 (b) the contour of instantaneous x velocity component with vector map of the generated swirl flow. 
 
Figure 6.4 The repeatability of the normalized average radial velocity and the normalized average standard 
deviation at height=0.032 m. Opening one nozzle, Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m a 
and Pin=0.15 bars. 
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Figure 6.5 (a) some of the normalized instantaneous z velocity component in comparison with the mean value of z 
velocity component for the first experiment. 
 
Figure 6.5 (b) the contour of instantaneous z velocity component with vector map of the generated swirl flow. 
6.2.2 Effect of Opening Different Number of Nozzles (Change Mass 
Flow Rate of the Seeding) On the Normalized Velocity Profiles 
To find out the effect of the mass flow rate of compressed air, six experiments were 
carried out to identify this effect at different heights. The conditions of the experiments 
are listed in table 6.1. Room temperature is rarely a variable that can be controlled 
even when the air-conditioner was off during the experiments as seen in table 6.1. For 
each height, the maximum difference in ambient temperature in each pair of 
experiments was around 5.8°C. Figure 6.6 shows the change of inlet temperature at 
the centre of the inlet port and the ambient temperature during experiment 1 (Exp1). 
The fluctuation of the instantaneous inlet temperature is higher than that for the 
instantaneous ambient temperatures, as shown in figure 6.6. The absolute relative 
variation of the instantaneous temperature recording from the mean temperature is 
0.017% and 0.0054% for the inlet and ambient temperatures respectively. The olive 
oil mass flow rate, coming out of the atomizer, was controlled by opening either one 
or four Laskin nozzles. This affects the number density of the particles and also the 
inlet temperature significantly (up to 300.15 K). Opening a different number of Laskin 
nozzles has a significant effect on the inlet temperature (Tin) which is because of the 
effect of the specific heat of the oil and the change in the mass flow rate of seeding. 
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The heat capacity of olive oil is 1.895 kJ/kg.K (Coupland, J & McClements, DJ, 1997) 
at T=292.55 K which is greater than that for pure air (1.0115 kJ/kg.K) at the same 
temperature (Smith, J.M., H.C. Van Ness, and M.M. Abbott, 2006). As a result, the 
heat capacity of the mixture (olive oil and air) is greater than that for pure air and this 
causes the reduction in the inlet temperature by opening four nozzles. Note that this 
change could not be controlled.  
Table 6.1 The time-averaged inlet temperatures and average ambient temperatures for PIV experiments at different 
heights with opening one and four nozzles 
 
Figure 6.6 Instantaneous and mean inlet and ambient temperatures at height of 33.5 mm with opening one nozzle 
and nozzle pressure=0.15 bars. 
6.2.2.1 At the Base of Split Channel (Height=33.5 mm) 
Figures 6.7 (a) and (b) show the PIV measurements at 0.0335 m of channel height 
along line 1 for the normalized mean tangential and radial velocity and normalized 
standard deviation, when one and four Laskin nozzles were opened. The overall trend 
for the tangential velocity profile is as described in section 6.2.1. By opening four 
nozzles, the mean velocity for both components was affected insignificantly around 
the inlet region at a radius lower than 0.01 m. However, the normalized tangential and 
radial velocity means and normalized standard deviations all decrease by opening four 
nozzles. As a general trend, the normalized radial velocity also follows the previous 
description in section 6.2.1. During the two experiments, the depth and the width of 
the gap are the same where the main role of the identical slots is allowing the 
entrainment air to create circulation due to their symmetrical location and the suction 
of the ambient air. It is clear the suction, and consequently the entrainment velocity at 
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Exp3 125 1 400.15 294.85 94.37 
Exp4 125 4 372.95 296.65 94.525 
Exp5 240 1 388.39 303.43 93.87 
Exp6 240 4 370.55 297.65 94.45 
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the slots in the experiment 1, is higher than that in experiment 2 due to the higher inlet 
temperature of experiment 1.  
 
Figure 6.7 (a) The normalized time-averaged measurements of tangential velocity with the normalized standard 
deviations on line 1 at height of 33.5 mm by opening one and four Laskin nozzles.  Hc=0.25 m, Wg= 0.0115 m, 
dg=0.01 m, dc=0.095 m, din=0.03 m and Pin=0.15 bars. 
 
Figure 6.7 (b) the time-averaged measurements of the normalized radial velocity with the normalized standard 
deviations on line 1 at height of 33.5 mm by opening one and four Laskin nozzles. Hc=0.25 m, Wg= 0.0115 m, 
dg=0.01 m, dc=0.095 m, din=0.03 m and Pin=0.15 bars. 
6.2.2.2 At the Middle of the Split Channel (Height=125 mm) 
Figure 6.8 presents the effect of opening one and four Laskin nozzles on the 
normalized tangential and radial velocity on line 1 at a channel height of 0.125 m. The 
time-averaged tangential and radial velocities show the same general trend as the lower 
height (0.0335 m) when one or four nozzles are opened. The main cause of the higher 
velocities in experiment 3 compared to experiment 4 is that Tin is higher for experiment 
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3. Figure 6.4 shows only the standard deviation of experiment 3. That of experiment 4 
can be expected to be lower than that for experiment 3, as shown in section 6.2.2.1.    
  
Figure 6.8 The Normalized time-averaged measurements of normalized tangential and radial velocities on line 1 at 
height of 125 mm by opening one and four Laskin nozzles. Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, 
din=0.03 m and Pin=0.15 bars. 
6.2.2.3 At the Top of the Split Channel (Height=240 mm) 
Figure 6.9 illustrates the effect of opening one and four nozzles on the normalized 
tangential and radial velocity at a height of 0.24 m along line 1. The general trend of 
the normalized tangential velocity is still the same in comparison to the lower heights, 
where it is found that the normalized tangential velocity from opening four nozzles is 
lower. However, the centreline of the swirl is not the centre of the channel. The 
maximum normalized standard deviation for the normalized tangential velocity by 
opening one nozzle was around 0.095 at a radius of 0.0018 m. Moreover, the 
normalized radial velocity profile produced by opening four nozzles differs from that 
at lower heights by being approximately constant and very low. This could be because 
the swirl plume has a larger radius than the inlet radius due to the lower entrainment 
velocity as a result of the cooling down of the temperature of the plume at this height 
(0.24 m). This leads to the outlet radial flow from the centre of the plume being small 
and insignificant, which is reflected in the small values of radial velocity. In addition 
to that, its centreline point is shifted in comparison to the results at the same height 
with opening four nozzles.  
At the height of 0.125 m, the normalized radial and tangential velocities with opening 
four nozzles are less than with opening one nozzle. This is probably because the 
specific heat of the mixture of oil particles and air is higher than the specific heat of 
air, leading to a decrease in the temperature of the fluid at this level and a decrease in 
the value of the velocities accordingly. The effect of the inlet temperature on the 
velocity profiles at the height of 0.24 m, as will be presented later in Chapter 8, does 
not appear clearly. This could be because that level of temperature at this height is 
almost the same whatever the Tin is as the cooling around the top of channel reaches 
to its maximal level. In addition, another possible reason is the different centre points 
of the swirl with opening one and four nozzles.  
By using less seeding, less data were produced but this is sufficient for reliable results. 
However, by using more seeding, more data were produced but the results are not 
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reliable. Due to the high difference between the results, it was deduced that opening 
one nozzle for the next experiments would produce the best outcome. 
 
Figure 6.9 The normalized time-averaged measurements of tangential and radial velocities on line 1 at height of 240 
mm by opening one and four Laskin nozzles. Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m and 
Pin=0.15 bars. 
6.2.3 Effect of Inlet Pressure (Nozzle Pressure) - the Mass Flow 
Rate of the Seeding and its Concentration- on the Normalized 
Velocity Profiles 
6.2.3.1 The Basic Effect of Nozzle Pressure on the PIV 
Measurements 
In this part, two experiments were conducted in sequence at a height of 0.05 m where 
nozzle pressure was increased from 0.25 bars to 0.3125 bars, without controlling Tin. 
The recorded mean inlet temperature for the first experiment (Tin,1) was 396.645 K 
and Tin,2  was 387.82 K for the second experiment. The ambient temperature is 
approximately constant for both experiments at 295.05 K. Changing the inlet olive oil 
pressure using the pressure regulator in the atomizer affects the outlet velocity of the 
oil particles. However, the outlet pressure is almost identical to the atmospheric 
pressure. The same dimensions mentioned in figure 5.1 were used and 6,600 pair 
images were recorded for each experiment at different inlet pressures of compressed 
air (different nozzle pressure) with opening only one nozzle. 
By increasing the nozzle pressure, the mass flow rate and the concentration of oil 
increase and consequently the Tin decreases. The results extracted at line 1 and 
displayed in figures 6.10 and 6.11 show its effect on the velocity profile.   
This part of the experiment explains the effect of a change of inlet temperature on the 
normalized velocity profile due to the change of nozzle pressure. The high inlet 
pressure (nozzle pressure) increases the mass flow rate of the compressed air and, 
consequently, the olive oil seeding rate and the particle concentration. This will 
decrease the Tin and the normalized tangential and radial velocities will be affected 
accordingly. As soon as the inlet pressure of the compressed air and, consequently, the 
nozzle pressure decreases, the mass flow rate reduces more, and the Tin increases more. 
As a result, the mean velocities will also alter due to this change of nozzle pressure. 
However, while there was a significant difference in Tin, the time-average tangential 
velocity was not affected significantly. As shown in figure 6.10, there is an 
insignificant increase of tangential velocity at 396.645 K along line 1. Figure 6.11 
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shows that the time-averaged normalized radial velocity increases with the decrease in 
nozzle pressure.    
It is found that the normalized radial velocity around the inlet region is higher than the 
tangential velocity. This could be because the outlet radial flow is higher than the 
cooler inflow from the slots at this height (0.05 m). It can be concluded that minimal 
pressure should be chosen to decrease the effect of nozzle pressure on the inlet 
temperature (Tin) and, consequently, on the magnitude of the normalized radial 
velocities in particular. 
It seems that the preliminary experiments show that the number of pair images, the 
number of nozzles opened, and the nozzle pressure affect the results. It also indicates 
that the repeatability of the PIV measurements is acceptable during that specified time.   
 
Figure 6.10 Normalized time-averaged tangential velocity and the standard deviation at 0.25 bars and 0.3125 bars 
nozzle pressure. Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m. 
 
Figure 6.11 The normalized time-averaged radial velocities and the normalized standard deviation at 0.25 bars and 
0.3125 bars nozzle pressure. Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m. 
6.3 The Main Experimental Results 
6.3.1 Introduction 
Three experimental measurements of tangential, radial, and axial velocities at three 
different heights are presented in this section. The laser sheet exposures are shown first 
at a height of 0.0335 m, and then at a height of 0.125 m and 0.24 m, to show the 
tangential and radial components of velocity. For the axial velocity measurements, the 
laser sheet exposures were taken vertically along the centreline plane. The results were 
then extracted at line 1 for tangential and radial velocity and at line 2 for axial vertical 
velocity (see figure 5.1). One opened nozzle, 6,600 pair images and the lowest possible 
air pressure are used, according to what was concluded in the previous section for the 
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best results. The other experimental conditions for Exp1, Exp3, and Exp5 are recorded 
in table 6.1. 
6.3.2 Velocity Vectors 
Figure 6.11 shows the velocity vectors at different heights of the channel and confirms 
the swirling flow. It also indicates that the centre of the channel is not the centre of the 
swirl, which is moving because the updraft swirl plume sways and does not pass 
through the centreline of the channel during these experiments. Figure 6.12 also shows 
that there was insufficient seeding at the slots, which corresponds to readings of 
minimal velocity there. 
Figure 6.12 shows the velocity vectors of the axial vertical velocity from the inlet to 
72% of the channel height. The length of the vectors indicates the magnitude of the 
velocity. The figure indicates that axial (vertical) velocity decreases with the increase 
of height. This is because the cooling of the swirl plume leads to a decrease in the 
buoyant force which acts on the axial velocity. In addition, the axial velocity is reduced 
due to the shear of the ambient air which is, in this case, the entrainment flow. The 
axial velocity also decreases from the origin point along the z-direction toward the wall 
along the channel. This is because the flow is confined within the channel where the 
velocity starts decreasing near the wall along the channel. The clear decreasing of the 
axial velocity component near the inlet region is because the higher entrainment 
velocity increases the tangential and radial speed at the expense of the axial component 
velocity.   
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Figure 6.12 The time-averaged velocity vectors at different heights of channel. (a) At height=0.00335 cm, (b) At 
height=0.125 m, (c) At height=0.24 m. 
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Figure 6.13 The velocity vectors at the centreline axial plane. 
6.3.3 Normalized Tangential Velocity Profile 
6.3.3.1 General Behaviour along the Three Heights 
Figure 6.14 presents the normalized mean tangential velocity profile (defined based 
on the cylindrical coordinates) at different heights inside the split channel on line 1. 
The magnitude of the normalized maximum tangential velocity demonstrates that the 
swirl flow was generated at the three heights. The centre of geometry is not the centre 
of the swirl at the three heights. Matsuyama et al. (2013) observed through their PIV 
measurements of a fire-whirl inside a split channel with four corner slots that the centre 
of the channel was not the centre of the swirl plume. This is because the swirl plume 
is not in a straight line with the centreline of the channel. This can occur due to the 
tolerance of the slots leading to an asymmetrical entrainment velocity profile at the 
slots, or due to the non-centred location of the apparatus and the PIV system inside the 
laboratory room. Figure A3.2 shows the tangential horizontal displacements at the 
three heights and they are generally similar to figure 6.14 but because the captured 
images becomes bigger at higher heights, the displacement in pixels is larger. 
It was found that at a height of 0.0335 m, the normalized mean radial velocity is greater 
than the normalized mean tangential velocity until radius of 0.012 m. This occurs 
because the centreline temperature of the swirl flow is high at this height, leading to 
the radial flow moving out of the swirl flow being higher than the tangential flow. 
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However, the most obvious effect is that the maximum normalized mean tangential 
velocity decreases with the increase in the height. For example, the normalized mean 
tangential velocity at the right-hand side of line 1 is 0.349, 0.217 and 0.153 at a radius 
of 0.0290 m, 0.0319 m, and 0.0306 m respectively and at a height of 0.0335 m, 
0.125 m, and 0.24 m respectively. Moreover, the maximal value and its location are 
not symmetrical and identical where that maximal value of the normalized tangential 
velocity is located at the right-hand side of line 1. 
 
Figure 6.14 PIV measurements of normalized tangential velocity at different heights from the base of split 
channel. Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 cm, din=0.03 m and Pin=0.65 bars with opening one 
nozzle. 
The maximal tangential velocity at the middle and top of the channel occurs at a larger 
radius than that at the base of the channel. According to figure 6.14, at the height of 
33.5 mm, the jet is rapidly growing due to the entrainment so that the peak tangential 
velocity is at the edge of the jet. Moreover, at the middle and the top of the channel, 
the jet has fully spread to reach the walls, so the entrainment flow and, consequently, 
circulation effect decreases at a smaller radius. As a consequence, the maximal values 
of the tangential velocities occur at a larger radius beside the walls. The entrainment 
velocity profile is not symmetrical, resulting in an asymmetrical swirl plume. As a 
result, the centre of the swirl should vary along the height of the swirl plume. 
Figures 6.15 (a) and (b) show the visualization of the instantaneous swirl flow 
produced from the PIV analysis. Figure 6.15 (c) shows the visualization of the vertical 
swirl plume using the smoke from the fog machine using the same split channel. As 
can be seen, the centre of the swirl flow does not match the centre of the geometry. In 
addition, the swirl plume is not symmetrical along the channel; this is probably because 
the entrainment velocity profile is also asymmetrical. Movies of the swirl flow are 
included on the same DVD with the thesis. These represent the instantaneous 
visualization of some of the reported experiments in this research. The duration of each 
movie is the same: the time to record 6600 paired images. However, for some of the 
experiments, some of the data was skipped due to time limitations of the experimental 
part of this research. The movies on the DVD are located in folder denoted by 
Visulization_of_SwirlFlow and they are denoted as following: 
 Repea_Exp1 and Pepeat_exp2 in folder denoted by Repeatibility_effect,  
 P1 and P2 in folder denoted by Pressure_effect_P1&P2,  
 Exp1 (at height of 33.5 mm with opening one nozzle), 
 Exp2 (at height of 33.5 mm with opening four nozzle), 
 Exp3 (at height of 125 mm with opening one nozzle), 
 Exp5 (at height of 240 mm with opening one nozzle), 
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 dg=0 cm and dg=1cm in folder denoted by Depth_of_gap(dg)_effect 
 
Figure 6.15 Visualization of swirl flow from ((a) and (b)) top view for instantaneous PIV results, (c) side view of 
swirl smoke flow produced using fog machine (Sharifian & Al-Atresh, 2014). 
6.3.3.2 The Normalized Standard Deviation of Tangential Velocity 
at Different Heights 
As shown in figure 6.16, the normalized standard deviation of the tangential velocity 
decreases with the height, as do the normalized tangential velocity profiles. At the 
lowest height (33.5 mm), it is higher around the inlet region and then starts decreasing 
to have an almost constant value before it drops sharply through the boundary layer 
beside the walls. At higher heights (125 mm and 240 mm), the standard deviation is 
almost constant through the right side of line 1 (as shown in figure 6.15) and drops 
through the wall region.  
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Figure 6.16 The normalized standard deviations for the tangential velocity at three heights through line 1. At 
0.65 bars nozzle pressure, Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m. 
6.3.4 Normalized Radial Velocity Profile 
6.3.4.1 General Behaviour along the Three Heights 
According to figure 6.17, as the height increases, the value of the normalized radial 
velocity decreases and the radius where the maximal normalized radial velocity occurs 
has moved toward the wall. The normalized radial velocity profile is not symmetrical 
where the maximal normalized radial velocities are different on both sides of line 1. 
For example, at a height of 0.0335 m, the maximum normalized radial velocity is 
0.0494 at the left-hand side, while it is 01056 at the right-hand side. This is probably 
because the strength of the circulation is not identical at the two side slots, which 
causes consistent experimental error. In addition, it is probably because the centre of 
rotation is not the centre of channel where z=x=0. Figure A3.3 shows the radial 
horizontal displacements at the three heights and they are generally similar to Figure 
6.17. However, due to obtaining bigger images at higher heights as a result of the 
decrease in distance between the camera and the laser sheet, the displacement in pixels 
is larger. 
Figure 6.17 PIV measurements of normalized mean radial velocity at different heights from the base of split channel. 
Hc=0.25 m, Wg=0.0115 m, dg=0.011 cm, dc=9.5 cm, din=3 cm and Pin=0.65 bars with opening one nozzle. 
6.3.4.2 The Normalized Standard Deviation at the Different Heights 
Figure 6.18 indicates that the normalized standard deviation of the normalized radial 
velocity decreases with the increase in height. This occurs as a result of the decrease 
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in the normalized radial velocity along the height, as reported in section 6.3.4.1. The 
maximal normalized standard deviation is 0.396 at the base of the channel. At the 
height of 0.125 m, its value is 0.132. The maximal standard deviation at the top of the 
channel is 0.1. 
 
Figure 6.18 The normalized standard deviations of radial velocity at three heights through line 1. At 0.65 bars nozzle 
pressure, Hc=0.25 m, Wg=0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m. 
6.3.5 Normalized Centreline Axial Velocity 
This experiment was conducted to measure the centreline axial velocity. Through the 
experiment, 6,600 image pairs were recorded during 30 minutes by opening only one 
nozzle and setting the inlet pressure of oil particles at 0.25 bars to have sufficient 
seeding particles along 72% of the channel height. The laser sheet creates exposures 
at the centreline of the split channel, while the camera captures images at the front of 
the channel. The camera recorded around 72% of the height of the centreline plane to 
avoid the issues related to focusing the camera along the height of the channel. The 
average inlet temperature and average ambient temperature were 409.51 K and 
300.25 K respectively.  
As shown in figure 6.19 (a), the centreline axial velocity starts increasing from 0.697 
at the centre of the inlet to reach its peak (1.061) at a height of 0.011604 m, and then 
decreases gradually before it reaches its constant average value (0.268). The obvious 
difference between the swirl and non-swirl plume is expected to be that the 
entrainment flow for the swirl plume is greater than that for the non-swirl plume. The 
swirl plume can be divided into three regions in the same way as the non-swirl plume 
was divided in Zhou et al. (2001). The first region is the buoyant forced region (non-
buoyant region) where the thermal and forced buoyant processes interact. The second 
region is the intermediate region where the forced buoyant force decreases. The third 
region is the pure buoyant region where only the buoyancy forces are significant. The 
standard deviation decreases rapidly to its lowest value near the inlet and then starts 
increasing to reach a peak. After that, it decreases gradually to reach an almost constant 
value at the rest of the height of the channel. The lowest value of the standard deviation 
coincides with the highest value for the mean axial velocity because the turbulent 
structures become more coherent near the inlet. The normalized standard deviation 
then increases and reaches its highest value when the mean velocity is approaching its 
asymptote. In addition, Figure 6.19 (b) can explain the zero value of the normalized 
instantaneous centreline axial velocity. Figure 6.19 (b) displays the instantaneous 
velocity contour and vector map for image number 0050. From the reading of velocity 
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using the legend, the centreline axial velocity is nearly zero at a normalized height of 
0.3. This instantaneous swirl plume is not at the centreline of the split channel.   
The turbulent intensity can be defined as “the ratio of the root-mean-square of the 
velocity fluctuations (the standard deviation) to the mean flow velocity… …Ideally, 
you will have a good estimate of the turbulence intensity at the inlet boundary from 
external, measured data” (ANSYS, 2013). 
𝑇𝐼 =
𝑅𝑀𝑆
𝑈
≡
𝑢′
𝑈
                                                                                   (6.2) 
The behaviour of the standard deviation is similar to that of the turbulent intensity, and 
its value is less than the mean axial centreline velocity as reported in Zhou et al. (2001). 
According to Equation 6.2, as the normalized standard deviation increases, the 
turbulence intensity increases. Furthermore, the lowest value of the normalized 
standard deviation means that the flow has its lowest turbulent intensity at a height of 
0.0060 m. The maximum normalized axial centreline velocity is at a height of 
0.0097 m where the normalized standard deviation and the turbulence intensity (TI) 
are 0.0648 and 0.061 respectively. This increase in the normalized axial centreline 
velocity near the inlet where the flow has its lowest TI level can be caused by the 
buoyant acceleration there, as reported by Zhou et al. (2001). In addition, the high 
entrainment velocity (see chapter 8) near the base of the split channel provides a high 
entrainment flow, causing this increase in normalized axial centreline velocity. The 
normalized standard deviation and the TI increase through the intermediate region and 
then the fluctuated axial velocity component seems to have the same level of value, 
leading to maintaining an almost constant TI. 
𝐾𝑎𝑣𝑒 =
3
2
(𝑅𝑀𝑆)2 =
3
2
(𝑢′)
2
                                              (6.3) 
The inlet turbulent kinetic energy can be calculated as: 
𝐾𝑎𝑣𝑒 =
3
2
(𝑈 × 𝑇𝐼)2                                                 (6.4) 
TI: turbulence intensity, 
RMS: root mean square, m/s, 
𝑢′: velocity fluctuation, m/s 
U: mean flow velocity, m/s, 
K: turbulent kinetic energy, m2/s2, 
 
Figure 6.19 (a) PIV measurements of centreline axial velocity along height at nozzle pressure=0.25 bars with 
opening one nozzle. Shown are time-averaged, some sample instantaneous velocity, standard deviation, m/s and 
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turbulent intensity. Hc=0.25 m, Wg=0.0115 m, dg=1 cm, dc=9.5 cm, din=3 cm and Pin=0.25 bars with opening one 
nozzle. 
 
Figure 6.19 (b) The contour of axial velocity and vector map for image number of 0050 at dg=0.01 m. 
So equation 6.3 can be converted to: 
𝐾𝑎𝑣𝑒 =∑
1
2
(𝑅𝑀𝑆)2 =∑
1
2
(𝑢′ )
2
                                                   (6.5) 
From figures 6.2 and 6.4, the normalized inlet RMS for the tangential and radial 
velocities at the lowest possible height (0.032 m) is 0.46 (0.697 m/s) and 0.353 
(0.535 m/s), while the axial velocity from figure 6.18 is 0.236 (0.357 m/s) at the inlet. 
The normalized average turbulent kinetic energy will be 0.196 (0.450 m2/s2). 
By using equation 6.4 as follows: 
𝐾𝑎𝑣𝑒 =
3
2
(𝑢′)
2
                                                                       (6.6) 
𝑢′ = √
2
3
× 𝐾𝑎𝑣𝑒                                                                      (6.7) 
The normalized fluctuated average velocity is 0.361 (0.5476 m/s).  
To substitute into Equation 6.2, the inlet mean velocity at the centre of the inlet is the 
inlet axial velocity component, because the radial and tangential components are 
approximately zero. 
𝑇𝐼 ≡
𝑢′
𝑈
=
0.5476
1.0563
 
𝑇𝐼 = 0.5184 ≅ 0.52 
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6.3.5.1 The Effect of the Depth of the Gap on the Normalized 
Centreline Axial Velocity 
Two experiments were conducted in series with different depths of the gap (dg). The 
room temperature was almost constant (300.25 K), but with the decrease of dg from 
0.01 m to 0 m, the inlet temperature increased slightly from 409.5 K to 414.62 K. The 
nozzle pressure was constant at 0.1625 bars. 
As shown in figure 6.20 (a), the effect of the depth of the gap on the normalized 
centreline axial velocity (
𝑉𝑐
√𝑔.𝐻𝑐
) is minor. As the depth of the gap increases from 0 to 
0.01 m, the 
𝑉𝑐
√𝑔.𝐻𝑐
 along the height decreases slightly while maintaining the same 
profile. Figure 6.20 (a) also shows the normalized standard deviation of the axial 
velocity and some samples of normalized instantaneous axial velocity. It starts 
decreasing from the inlet to reach its minimal value at the height where the mean 
velocity has its peak due to low turbulence, and then starts increasing where the axial 
velocity starts decreasing. Finally, it decreases from its peak to reach its steady-state 
value where the normalized axial velocity is almost constant. The reason behind the 
normalized standard deviation being lower around the inlet region in the vertical axial 
direction is that the normalized instantaneous velocities are consistent around the inlet 
and this reduces the standard deviation. The normalized standard deviation for the two 
cases is approximately identical, as both the centreline axial velocities are also 
identical. The normalized instantaneous centreline axial velocity at the number of 
image of 2000 has negative value and this can be demonstrated from the figure 6.20 
(b). Around the normalized height of 0.23, the vector map shows generation of swirl 
flow where the centreline flow starts to be opposite the axial axis. With seeing the 
velocity counter; the centreline axial velocity (along the red line) is also negative in 
referring to the legend of figure 6.20 (b). Figure A3.4 indicates that the axial average 
displacements along the centreline of th channel provide the same profiles of centreline 
axial velocity in the physical dimensions in Figure 6.20 (a).  
 
Figure 6.20 (a) Measured centreline axial velocity and the standard deviation at different depth of gap. dg=0 m 
(Tin=414.62 K) and dg=0.01 m (Tin=409.45 K) with some fluctuated velocity at dg=0. Hc=0.25 m, Wg=0.0115 m, 
dc=0.095 m, din=0.03 m and Pin=0.1625 bars with opening one nozzle.   
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Figure 6.20 (b) The contour of axial velocity and vector map for image number of 2000 at dg =0 m. 
6.4 Discussion 
The maximum deviation in velocity values was around the inlet because the inlet 
region has a higher seeding concentration and the viscosity affected the velocity value 
there. The repeatability is acceptable where the time interval between experiments 
(seven minutes) was not long and consequently did not affect the inlet temperature and 
the ambient temperature. The comparison between the tangential and radial velocities 
resulting from the analysis of different numbers of images is to choose the correct 
number of raw data to have average PIV results which are comparable with the CFD 
results produced by the Reynolds averaged Navier-Stokes (RANS) equations. 
It should be mentioned that the investigation of the repeatability as preliminary 
experiments showed the correct way to analyse the raw data from the PIV recordings. 
The average background subtraction and high-pass filtering made a difference in the 
final average results, especially for those at lower heights (0.032 m and 0.0335 m). 
Both the average background subtraction and high-pass filtering are image 
enhancement methods. The first method reduces the effects of flare and other 
stationary image features while the second method is to remove the low-frequency 
background variations and leave the particle images unaffected (Raffle et al., 2007). It 
was observed that the radial velocity profile was improved and it was similar to those 
expected from the CFD results. 
Opening more nozzles causes a decrease in the inlet temperature due to the increase of 
the seeding mass flow rate and the high specific heat of oil seeding. In addition, it 
appears that its effect is due to the increase of the viscosity of the flow. This 
modification leads to an error in reading the correct inlet temperature due to the natural 
convection. Some errors still exist in the results even if one nozzle is opened. 
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The increase of nozzle pressure is the result of the increase in the inlet pressure of the 
compressed air. This increase leads to a rise in the concentration of the seeding and 
the mass flow rate of the oil seeding, even with opening one nozzle. In this case, the 
effect of the higher specific heat of olive oil increases more. The first experiment is 
with a low nozzle pressure with opening one nozzle and produces higher radial 
velocities because the Tin is higher. The second experiment is with a high nozzle 
pressure with opening one nozzle and results in a lower radial velocity because the Tin 
is lower. The normalized centreline axial velocity time-averaged tangential velocity 
from both experiments was not affected. It can be seen that using the lowest possible 
pressure is preferred, in order to have results that are more reliable.  
The normalized centreline axial velocity tangential and radial velocity values are 
expected to start decreasing somewhere between the centre of the channel and near the 
wall, to reach their minimum value at the surface of the walls. The maximum value of 
the axial velocity is expected to be at the centreline of the channel due to the smallest 
effects of entrainment flow being there.  
The assessing of the quality and the validity of the results was conducted by answering 
a few questions reported in Lu and Sick (2013). The radial and tangential velocity 
profiles make physical sense where they are slower near the glass wall and because of 
the non-slip conditions of a stationary wall. In addition, the axial velocity profile is 
high near the inlet and starts decreasing along the height. The direction of the velocity 
vectors follows the circulation due to the entrainment airflow (see figure 6.7). 
Moreover, in the case of the centreline axial velocity, the velocity vector has been 
directed from the inlet toward the outlet of the channel, as normally expected (see 
figure 6.8).  
The ILA company and PIVTEC GmbH worked together to produce the PIVview2c 
which was used in the cross-correlation of the very well-known PIVView software 
(developed by Chris Willert from German Aerospace Center (DLR)). It was used to 
analyse the data in this chapter. This software, developed by DLR, had the lowest error 
percentage reported in the paper of the PIV challenge workshop (Stanislas et al., 2005). 
ILA reported that the range of measurement uncertainty is 1-3% if the setup is done 
accurately (PIVTecILA – PIVView, 2011). 
The errors in the PIV measurements can be divided into four types. According to 
Jahanmiri (2011), noise in the recorded images leads to Random error, and rotation 
and deformation of the flow within an interrogation spot leading to loss of correlation 
causes a Gradient error. The inability of a particle to follow the flow without slip can 
lead to a Tracking error. An Acceleration error is caused by approximating the local 
Eulerian velocity from the Lagrangian motion of tracer particles. Jahanmiri also added 
that some of these errors (such as Tracking errors) can be decreased by better 
experimental setup, but some of the errors are related to selected correlation in the PIV 
and cannot be avoided, such as Bias and Acceleration errors.  
The normalized tangential velocity decreases along the height because the entrainment 
velocity decreases with the height. The entrainment velocity decreases because the 
density difference between the ambient air and hot air within the channel also 
decreases as the height increases due to the cooling of hot air along the height, 
consequently decreasing the circulation. The normalized standard deviation of the 
Chapter 6 - Experimental Results 
__________________________________________________________________________ 
Safia R. Al Atresh                                                                                                               101 
 
tangential velocity is higher than the mean velocity around the inlet region and then it 
becomes lower. This is because the jet has spread to reach the walls.   
As the swirl plume cools down along the height due to mixing with the entrainment 
air coming from the slots, the upward-moving air going out from the central plume 
decreases with the height and, consequently, the radial velocity decreases. The obvious 
asymmetric radial velocity at the higher height is due to the asymmetry in the swirl 
plume caused by the asymmetric entrainment velocity profile along the two slots. At 
the low heights (0.032 m, 0.0335 m and 0.05 m), the normalized mean radial velocity 
is higher than the mean tangential velocity through the inlet region. This is because the 
centreline temperature of the swirl plume is sufficiently high to increase the outlet 
radial flow to be greater than the tangential flow from the slots.   
The increase of the normalized centreline axial velocity from the inlet is because of 
the combined effect of the thermal and forced buoyancy. The Vc reaches its peak where 
the thermal and forced buoyant processes have the greatest effect and the centreline 
turbulence intensity has its lowest magnitude. Figure 6.12 proves that at the vertical 
centreline no eddies can increase the TI. When the turbulence starts increasing, the 
normalized centreline axial velocity starts decreasing through the intermediate region 
where the initial momentum starts decreasing. By the end of the intermediate region, 
the effect of the forced buoyant force finishes and only the pure buoyant force works 
to have updraft flow in the pure buoyant region.  The similarity between the profile of 
the average tangential, radial and axial particle displacements in pixels and tangential, 
radial and axial velocities in physical dimensions demonstrates the accuracy of the 
reported results in this study. 
6.5 Conclusion 
This chapter initially described the preliminary tests that were conducted to test the 
effect of the number of pair images, the repeatability of the velocity profiles and mass 
flow rate of seeding on the velocity profiles, and the effect of nozzle pressure (inlet 
pressure of compressed air) on the PIV measurements. Finally, the main experimental 
results are presented, including the measurements of the tangential and radial velocity 
at different heights and the measurements of the centreline axial velocity.  
It can be concluded that firstly, the repeatability test at lower nozzle pressure and with 
opening one gap provided good results, and the large number of pair images (6,600 
pair images) is important to have the required average results. Secondly, opening one 
nozzle only is preferred to have the lowest mass flow rate for the oil seeding which 
causes less effect on the inlet temperature and consequently on the velocity profiles. 
Thirdly, pressurising the seeding using the lowest possible pressure is chosen to avoid 
error in the PIV results from the increased concentration of oil and its mass flow rate 
and, consequently, its effect on the inlet temperature (Tin). Finally, the operating 
conditions of the atomizer (number of open nozzles and specific nozzle pressure) are 
important to produce the particles and consequently their mass flow rate and 
concentration. The generated mass flow rate of particles and their concentration affect 
the buoyant plume since a sort of forced plume is created. This leads to a change in 
the magnitude of the velocities accordingly. However, they are required in order to 
obtain the PIV measurements. 
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From the preliminary test, it can be concluded that the PIV measurements of the 
tangential and radial velocity are repeatable and opening one nozzle can provide 
sufficient seeding with a small effect of mass flow rate of the seeding on the velocity 
profiles. Furthermore, using the lowest possible pressure is preferable to decrease the 
effect of the high concentration and high mass flow rate of the seeding on the PIV 
measurements. 
In addition, the main results lead to the conclusion that the profile of the tangential and 
radial velocity is almost the same at different heights except that the values of these 
velocities decrease along the height. The profile of the centreline axial velocity 
increases near the inlet because the thermal and forced buoyant processes work 
together where the forced buoyant process is confirmed, with the entrainment 
momentum greatest at the peak location of Vc. The Vc then decreases as the height 
increases, thereby increasing the TI and then the TI decreases, making the pure 
buoyant forces dominant in this region and keeping the Vc relatively constant.  
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7 Comparison between Experimental and 
Computational Fluid Dynamic (CFD) Results 
7.1 Introduction 
This chapter is about the validation of the mean CFD results with the mean PIV 
measurements of an induced swirl flow within a cylindrical split channel using an inlet 
of hot air. It includes three main points. Firstly, a preliminary comparison between the 
tangential and radial speeds from PIV measurements at 32 mm and CFD results from 
the simulation was conducted. Secondly, the main PIV measurements of tangential 
and radial speeds at three different heights were compared with their related CFD 
results. Finally, the centreline axial velocity from both PIV measurements and CFD 
simulation were compared. 
To conduct the CFD simulations in this chapter, many assumptions were required. The 
average inlet turbulent intensity (TI) was maintained at 52% for all modelling in this 
chapter, as it was estimated in Chapter 6. No radiation was modelled because the 
ambient air is a transparent medium with a low absorption coefficient and at the same 
time (due to it being a transparent medium) the scattering model was not applied 
(ANSYS, 2013). The solid domain was also not modelled so as a consequence no 
surfaces were affected by the radiation. In addition, the thermodynamic properties of 
pure air were assumed to be functions of temperature, the ambient pressure was 
changed with the height and the split channel was located at the centre of the domain. 
7.2 Preliminary Comparison between PIV Measurements and 
CFD Results for Normalized Tangential and Radial 
Speeds  
Preliminary simulations have been conducted to ensure the computational domain and 
the number of elements does not affect the accuracy of the results. The extent of the 
domain surrounding the split cylinder was varied in addition to a mesh independence 
study. Three domain sizes were tested: the smallest was 2 m × 2 m × 2 m, the 
intermediate was 3 m × 3 m × 3 m, and the largest was 4 m × 4 m × 4 m. A mesh 
independence study was conducted for each domain size. This procedure was applied 
for a split channel with dg of 0.01 m as shown in figure 5.1 at inlet total pressure of 
0 kPa.  
The resolved number of elements was chosen based on the average relative deviation 
of results. The summary of mesh information for the domain size test and independent 
mesh study is in Table 7.1. Firstly, the average relative deviation (see equation 7.1) 
among the radial, tangential and centreline axial velocities for each single domain size 
was less than 5%. Secondly, the average relative deviations (see equation 7.1) among 
the velocities from the independent mesh study at each single domain size shows that 
the domain size of 3 m × 3 m × 3 m provided the lowest deviation for the radial, 
tangential, and centreline axial velocities which were 4.57%, 2.4%, and 1.8% 
respectively. It was found that the resolved number of elements at the domain size of 
2 m × 2 m × 2 m, 3 m × 3 m × 3 m, and 4 m × 4 m × 4 m were 2,011,991, 1,945,001, 
and 2,170,232 respectively. It can be concluded that the resolved domain size is 3 m × 
3 m × 3 m with a resolved number of elements of 1,945,001. 
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𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑠 =∑|
𝑋𝑖−1 − 𝑋𝑖
𝑋𝑖−1
|
𝑖
0
                                 (7.1) 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = ∑|𝑋𝑖−1 − 𝑋𝑖|
𝑖
0
                                 (7.2) 
X: any variable which is tangential, radial or axial velocities, m/s  
i: the order of specific datum. 
The orientation of the geometry model of the split channel through the CFD 
simulations is similar to the top view of the experimental split channel recorded by the 
camera during conducting the experiments and it is the same as the top view shown in 
figure 5.1.  
Table 7.1 The information of domain size and independent mesh studies  
2 m × 2 m × 2 m 3 m × 3 m × 3 m 4 m × 4 m × 4 m 
Minimum size of element 
5.05 × 10-4 m 
Minimum size of element 
7.58 × 10-4 m 
Minimum size of element 
1.0114 × 10-3 m 
Maximum size of element 
0.051 m 
Maximum size of element 
0.08 m 
Maximum size of element 
0.2023 m 
Total no. 
elements 
No. of divisions 
along the 
Total no. 
elements 
No. of divisions 
along the 
Total no. 
elements 
No. of divisions 
along the  
 Slots Perimeter  Slots Perimeter  Slots Perimeter 
1,412,593 200 100 993,355 200 100 992,744 200 100 
1,706,870 250 150 1,310,237 250 150 1,235,708 250 150 
1,893,796 300 250 1,811,571 300 250 1,623,081 300 250 
2,011,991 350 300 1,945,001 350 300 2,170,232 350 300 
7.2.1 For the Effect of Repeatability at a Height of 32 mm 
The boundary conditions reported in Sections 6.2.1 and 6.2.2 in Chapter 6 such as the 
inlet average temperature, ambient static pressure, and average inlet turbulent intensity 
(52%) were used here. In addition, the inlet total pressure was maintained at zero. The 
CFD results of simulations for the PIV measurements of the first experiment are shown 
in the next subsections.  
As shown in figure 7.1, the CFD results for the tangential velocity at 0.032 m have 
almost the same profile as the PIV measurements with an average relative deviation of 
17.7%, and with an average absolute deviation (see Equation 7.2) of 0.024. This good 
agreement is because the time-average tangential speed has a large magnitude and can 
be predicted by RANS equations and was not affected significantly by the operating 
conditions of the atomizer (see section 6.2.3).  
 
Chapter 7 – Comparison Between Experimental and 
Computational Fluid Dynamic (CFD) Results   
__________________________________________________________________________ 
Safia R. Al Atresh                                                                                                               105 
 
 
Figure 7.1 Comparison between normalized  time-average tangential velocity from PIV and average tangential 
velocity from CFD simulation at height of 0.032 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, din=0.03 m 
and Pin=0 bar with opening one nozzle and nozzle pressure of 0.15 bar. 
Figure 7.2 shows the comparison between the normalized time-average radial velocity 
from the PIV measurements and the normalized average radial velocity from the 
Reynolds-Averaged Navier-Stokes (RANS) equations at the height of 0.032 m. The 
figure indicates that the CFD predictions are lower than the PIV findings with an 
average relative deviation of 55.3%, and an average absolute deviation of 0.0241. This 
high relative error is probably due to the lower magnitude of the radial speed in 
comparison to the tangential speed at line 1 where the RANS equations could not 
predict the value of the radial speed accurately. In addition, the experimental 
measurements of the radial speed have been affected by the nozzle pressure which has 
not been accounted for in the CFD simulations. This is supported by Hayashi et al. 
(2013), who reported that experimental error increases for measurements of small 
value of radial velocity (around the inlet in the case of fire-whirl) because the tracer 
particles did not appear at the inlet region due to the high buoyancy flow there. 
 
Figure 7.2 Comparison between normalized  time-average radial speed from PIV and normalized  average radial 
velocity from CFD simulation at height of 0.032 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, din=0.03 m 
with opening one nozzle and nozzle pressure of 0.15 bar (Al-Atresh & Wandel, 2014). 
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7.3 CFD Results for PIV Measurements of Tangential and 
Radial velocities at the Three Different Heights 
7.3.1 Comparison between PIV Measurements and CFD Results at 
Three Different Heights of Channel   
Within this section, both the tangential and radial speeds at line 1 (see figure 5.1) 
produced experimentally and numerically will be compared at the heights of 33.5 mm, 
125 mm, and 240 mm. 
7.3.1.1 Normalized Tangential velocities 
Figure 7.3 shows the average tangential speed from both the PIV measurements and 
the CFD simulation at a height of 33.5 mm. The CFD result has a similar general 
profile to the PIV finding. At this height, the average relative error between the PIV 
results and CFD predictions is 25.44% and the average absolute error is 0.049.  
 
Figure 7.3 Comparison between normalized time-average tangential velocity from PIV and normalized average 
tangential velocity from CFD simulation at height of 0.0335 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, 
din=0.03 m with opening one nozzle and nozzle pressure of 0.15 bar. 
Figure 7.4 indicates the comparison of the normalized average tangential speed 
between the PIV and CFD results at a height of 125 mm. At this height, the average 
relative error is 19.21% and the average absolute error is 0.0191. 
 
Figure 7.4 Comparison between normalized time-average tangential speed from PIV and normalized average 
tangential speed from CFD simulation at height of 0.125 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, 
din=0.03 m with opening one nozzle and nozzle pressure of 0.15 bar. 
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Figure 7.5 shows the normalized average tangential velocity profile from both the PIV 
measurements and the CFD simulations at a height of 240 mm. The average relative 
error is 26.79% and the average absolute error is 0.0224. It is clear that the centre of 
the swirl is different for both the PIV and the CFD profiles at this height. It can be 
concluded that the overall shapes of the normalized tangential velocity profiles are 
similar at all three heights and the maximal magnitude of the velocities and their 
location are predicted well by the CFD simulations. 
 
Figure 7.5 Comparison between normalized time-average tangential speed from PIV and normalized average 
tangential speed from CFD simulation at height of 0.24 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, 
din=0.03 m with opening one nozzle and nozzle pressure of 0.15 bar. 
7.3.1.2 Normalized Radial velocities 
From the comparison between the PIV and CFD results in figure 7.6, it can be seen 
that the CFD results have a similar normalized radial velocity profile at a height of 
0.0335 m. The average relative error is 52.26% and the average absolute error is 0.018. 
The CFD results provide an underestimated value for the average radial speed because 
the nozzle pressure and its effect on the increase of mass flow rate of oil particles can 
affect its value. 
 
Figure 7.6 Comparison between normalized time-average radial velocity from PIV and normalized average radial 
speed from CFD simulation at height of 0.0335 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, 
din=0.03 m with opening one nozzle and nozzle pressure of 0.15 bar. 
As shown in figure 7.7, the normalized radial velocity from the CFD simulation 
maintains the same general shape as the PIV measurements at the height of 125 mm 
but its magnitudes are underestimated. The average relative error is 47.58% and the 
average absolute error is 0.0132. 
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Figure 7.7 Comparison between normalized time-average radial velocity from PIV and normalized average radial 
speed from CFD simulation at height of 0.125 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, din=0.03 m 
with opening one nozzle and nozzle pressure of 0.15 bar. 
Figure 7.8 shows the comparison at the height of 0.24 m. The average relative error of 
normalized radial velocity is 92.76% and the average absolute error is 0.0198. The 
centre of the swirl is not at the centre of the geometry for the CFD profile and PIV 
profile and are at different locations to each other. This is due to the decrease of the 
entrainment flow at the top of the channel and it is not symmetric at the two slots 
because the swirl plume is moved away from the centre of the channel. 
 
Figure 7.8 Comparison between normalized time-average radial velocity from PIV and normalized average radial 
velocity from CFD simulation at height of 0.24 m. Hc=0.25 m, Wg= 0.0115 m, dg=0.01 m, dc=0.095 cm, din=0.03 m 
with opening one nozzle and nozzle pressure of 0.15 bar. 
7.3.2 Predicted Average velocities at Three Different Heights. 
7.3.2.1 Normalized Tangential velocities 
The effect of the elevation to different heights on the normalized tangential velocity 
could be captured using the CFD modelling. However, the inlet temperatures of the 
three simulations are not the same. Figure 7.9 shows the normalized average tangential 
velocities at 0.0335 m, 0.125 m, and 0.24 m for CFD results together. In general, the 
normalized average tangential velocities decreases with the increase of height; for 
example, the maximal tangential values on the right side of figure 7.9 are 0.29, 0.193, 
and 0.142 at heights of 0.0335 m, 0.125 m, and 0.24 m respectively. The normalized 
tangential velocity profiles are very similar at different heights. It is zero beside the 
wall and then increases to have its peak value at the location where the entrainment 
flow force from the slot equals the tangential flow force from the central swirl plume. 
After that, the circulation due to the entrainment flow decreases leading to a decrease 
in the normalized average tangential velocity. The decrease of the normalized 
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tangential velocity with the height is because the tangential entrainment speed 
decreases due to cooling of the updraft swirl plume and consequently the decrease of 
suction at the slots.  
 
Figure 7.9 Comparison between normalized average tangential velocities from CFD simulation at different heights 
on line 1. Hc = 0.25 m, Wg = 0.0115 m, dg = 0.01 m, dc = 0.095 m, din = 0.03 m, with total inlet pressure (Pin) = zero 
Pa and Inlet TI=52% (Al-Atresh & Wandel, 2014). 
7.3.2.2 Normalized Radial Velocities 
The normalized average radial velocity from the CFD simulations can also be 
predicted using RANS equations. The normalized radial velocity also decreases as the 
height from the base of the channel increases. The maximal values of the normalized 
average radial velocity at the right- and left-hand sides in figure 7.10 are 0.055, 0.022 
and 0.012 at heights of 0.0335 m, 0.125 m, and 0.24 m respectively. The main 
similarity through the normalized radial velocity profiles at each height is the 
symmetry at the both sides of the z axis. In addition, the main differences are the 
reduction of speed magnitude with the increase of height and moving the maximal 
magnitude of normalized radial velocity to the wall by the increase of height. This is 
because the circulation decreases along the height due to the decrease of normalized 
entrainment velocity with the height.   
 
  Figure 7.10 Comparison between normalized average radial velocities from CFD simulation at different heights on 
line 1. Hc=0.25 m, Wg = 0.0115 m, dg=0.01 m, dc=0.095 m, din=0.03 m with total inlet pressure (Pin) = zero Pa and 
Inlet TI=52%.   
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7.4 Comparison between Normalized Centreline Axial Velocity from PIV 
Measurements and CFD Simulations at Depth of Gap of Zero and 
0.01 m. 
Figure 7.11 shows the comparison between the PIV measurements and the CFD 
simulation of the normalized centreline axial velocity using a gap of depth (dg) of zero 
metres. The CFD simulations were conducted using an average inlet turbulent intensity 
of 52% and inlet total pressure of 0.53 Pa. This value of pressure provides the nearest 
match to the peak value obtained experimentally. The CFD simulations could not 
capture the centreline axial velocity exactly. The CFD results show that the normalized 
average centreline axial velocity has a different trend around the inlet where there is 
only a minor peak compared to the PIV measurement of the centreline axial velocity. 
In addition, the CFD simulation could not predict the quick decline in normalized 
centreline axial velocity. From this it can be inferred that RANS equations are not 
sufficient for the required prediction. In general, the average relative errors between 
the PIV and CFD results are 49.56% when TI=52% and Pin=0.53 Pa, 31.44% when 
TI=52% and Pin=0 Pa, and 119.9% when TI=5% and Pin=0.53 Pa. Furthermore, the 
average absolute errors are about 0.180, 0.177 m/s, and 0.408, respectively. 
 
Figure 7.11 Comparison between PIV measurements and CFD results of normalized centreline axial velocity. 
(Pin=Zero and 0.53 pa and Inlet turbulent intensity TI=5% and 52%) at dg=zero 
Using the same inlet total pressure and inlet TI mentioned in the previous section 
(7.4.1), the centreline axial velocity from the CFD simulation using a gap depth of 
0.01 m (see figure 7.12) has the same behaviour that was shown in figure 7.11. The 
CFD again overestimates the experiment throughout. The average relative error 
between the CFD and PIV results is 47.485% and the average absolute error is about 
0.165. 
 
Figure 7.12  Comparison between PIV measurements and CFD results (Pin=0.53 pa and Inlet turbulent intensity 
TI=52%) at dg=0.01 m. 
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7.5 Discussion 
It can be seen that the average relative errors are large for the normalized radial 
velocities, but less for the normalized tangential velocity. The average absolute error 
is almost the same for both normalized radial and tangential velocities.     
As was expected from the experimental results the section 6.2.3 (which is about the 
effect of inlet pressure of oily particles on the speed profiles), the normalized average 
tangential velocity from the CFD simulations has more agreement with the 
experimental results than the normalized radial velocity, where the normalized average 
radial velocities are less. Because the magnitude of the normalized radial velocity is 
small in comparison with the normalized tangential velocity, that makes its prediction 
more difficult using the SST model with steady state mode. Furthermore, the CFD 
simulations have some errors through the modelling of the geometry of the domain 
where the CFD simulations did not model the exact environment of the laboratory such 
as the modelling of the ceiling, the door of the laboratory, and the non-central channel 
inside the domain. In addition, the CFD simulations did not take into account the 
modelling of the olive oil particles or even consider the hot air as a mixture of air and 
olive oil particles. However, the PIV measurements have possible errors as result of 
the operating conditions of the seeder (atomizer).   
The CFD results still show the general trend through the height of the split channel on 
the normalized average radial and tangential velocities, even if the inlet and ambient 
conditions of the CFD simulations is not the same. This decrease in the normalized 
average tangential and radial velocities with the increase of the height is because of 
the decrease of circulation and, consequently, the entrainment velocity along the height 
for the tangential speed, and the decrease of the centreline temperature of the swirl 
plume along the height for the radial speed. 
The CFD simulation could not capture the normalized centreline axial velocity 
accurately where it represented the peak value and could not capture the rapid drop in 
the velocity along the height using steady state mode. However, its general trend is 
similar to the PIV measurements where the normalized centreline axial velocity 
increases slightly around the inlet region and then starts decreasing gradually before it 
reaches a constant value. The normalized average centreline axial velocity is higher 
than the experimental measurements (over-estimated).  
7.6 Conclusion 
This chapter included the comparison between the mean experimental PIV 
measurements presented in chapter 6 and their CFD results. Firstly, the PIV 
measurements (normalized average tangential and radial velocities) of the repeatability 
test were compared with its related CFD results. Secondly, the main results at three 
different heights (0.0335 m, 0.125 m, and 0.24 m) were compared with the related 
CFD results. Thirdly, the normalized centreline axial velocity was compared with the 
CFD results when the depth of the gap was zero and 0.01 m. Fourthly, the comparison 
was discussed before the general conclusion of the chapter was presented. 
It can be concluded that the CFD results of the normalized tangential velocity have 
been validated by the PIV measurements, but the CFD models predict the trend of 
normalized radial velocity rather than its magnitude. The CFD results confirmed the 
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decrease of the normalized tangential and radial velocity with the increase of the height. 
The CFD models could not predict the normalized centreline axial velocity exactly; 
they were only able to predict the general trend. The normalized centreline axial 
velocity from the CFD modelling increases around the inlet slightly and then decreases 
as the height increases, which overestimates the experimental measurements as a 
consequence. The change in the depth of the gap did not affect the normalized 
centreline axial velocity and its trend. 
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8 Computational Results and Discussion 
8.1 Introduction 
A validated CFD model can be used instead of experimental work and this makes the 
CFD work more important for a few reasons. Firstly, it may be impossible to collect 
the necessary experimental data. Secondly, experiments involve risks. Thirdly, the cost 
of setting up and conducting the experiments can be prohibitive. This chapter will first 
address the correlation used to describe the change of thermodynamic properties of air, 
and then present the important parameters that affect the velocity and vorticity profiles. 
Finally, the effect of these parameters on normalized centreline axial velocity, 
normalized centreline temperature, normalized centreline axial vorticity, the 
normalized inlet and exit average velocities, entrainment ratio, and normalized inlet 
mass flow rate are presented.   
The effects of inlet conditions and geometry dimensions on the important parameters 
are reported in sections 8.4 to 8.12. The inlet conditions are inlet temperature (Tin) and 
inlet pressure (Pin) and their effects are investigated for Kuwana’s channel (Kuwana et 
al., 2011) in sections 8.4 and 8.5. The geometry variables which are altered are the 
inlet diameter (din), the width of the gap (Wg), the depth of the gap (dg), the internal 
diameter of the split channel (dc), the number of gaps (Ng), the height of the inlet (Hin), 
and the height of the gap (Hg). Their effects are studied for the modified Kuwana’s 
channel in sections 8.6 to 8.12. 
8.2 Variable Properties 
The hot air in the CFD simulation is assumed to be an ideal gas with variable 
thermodynamic and transport properties. The heat capacity follows the following 
equation in the temperature range of 298.15 K to 2,000 K as reported in Smith et al. 
(2005): 
𝐶𝑝 = 0.165 𝑇 + 963.2205                                                    (8.1) 
The transport properties were taken from the CFX library as reported in Sharifian 
and Al-Atresh (2014): 
𝜇= 𝜇0 (
𝑇
𝑇0
)
3/2𝑇0+𝑆
𝑇+𝑆
                                                       (8.2) 
𝑘= 𝑘0 (
𝑇
𝑇0
)
3/2𝑇0+𝑆
𝑇+𝑆
                                                      (8.3) 
where the constants are reference viscosity (µ0=1.831×10
-5 kg/m-s), reference 
temperature (T0=298.15 K), reference thermal conductivity (k0=0.0262 W/m-s), and 
Sutherland temperature (S=110.4 K). 
8.3 Important Parameters  
Throughout this chapter, the following parameters are of interest:   
 Normalized centreline axial velocity along the channel (
 𝑉𝑐
√𝑔×𝐻𝑐
), 
 Normalized centreline temperature along the channel  (
𝑇𝑐−𝑇𝑎𝑚𝑏
𝑇𝑖𝑛−𝑇𝑎𝑚𝑏
) 
 Normalized centreline axial vorticity along the channel ( 𝜔𝑐 × √
𝐻𝑐
𝑔
) 
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 Normalized pressure drop along the channel (
𝑃
𝑃𝑟𝑒𝑓
)&𝑃𝑟𝑒𝑓 = 101325 𝑃𝑎 
 Normalized entrained mass flow rate (
𝑀𝑖𝑛
𝑀𝑟𝑒𝑓
), 
 Normalized average inlet and exit velocity (( 
 𝑉𝑖𝑛
√𝑔×𝐻𝑐
) &( 
 𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
)), 
 Efficiency for converting thermal energy to kinetic energy (𝜂) (see Equations 
4.64 and 4.65). 
8.4 Effect of Inlet Temperature (Tin)  
In this section, the CFD parameters are presented for different inlet temperatures (Tin), 
with values from 373.15 K to 1,273.15 K in 100 K increments, and also 1,573.15 K. 
At the same time, the height of the channel (1 m), the diameter of channel (0.2 m), the 
diameter of the inlet (0.03 m), the width of the gap (0.02 m), the depth of the gap (0 m), 
and the inlet total pressure (0 Pa) are constant at their values for each simulation.  
8.4.1 Effect of Inlet Temperature on the Normalized Velocity 
Profiles 
As presented in figure 8.1, the normalized centreline axial velocity (
Vc
√g×Hc
 ) increases 
with the increase of the inlet temperature (Tin) along the height of the channel. This is 
because of the increase of buoyant flow with the increase of Tin. The general trend of 
centreline axial velocity was presented and discussed in chapter 4 in detail.  
 
Figure 8.1 Effect of inlet hot air temperature on normalized centreline axial velocity at constant inlet pressure 
(Pin=0 Pa). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
Al-Atresh et al. (2014) reported that it was found that all components of the velocity 
increase as inlet temperature increases (see fig. 8.2). The axial velocity of hot swirling 
air, shown in figure 8.2(a), decreases with the height. The axial velocity at the height 
of Y/H=0.05 is 0.213, 0.766, and 0.995 at the inlet temperatures of 373.15 K, 
1073.15 K and 1573.15 K respectively. These values decrease to 0.158, 0.424, and 
0.507 respectively at the height of Y/Hc=0.4. The decrease of the centreline axial 
velocity of the swirling flow as height increases is due to the mixing with the entrained 
air which lowers the buoyancy force and consequently the axial velocity. 
Figure 8.2 (b) shows the effect of the inlet temperature on the normalized radial and 
tangential velocities at the height of Y/Hc=0.05 for the channel of Kuwana (Al-Atresh et 
al. (2012). The radial velocity at the centre of the channel is zero at all temperatures but 
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reaches to maximum values of 0.0118, 0.028, 0.04 and 0.044 at Z/Rin=0.81 for the inlet 
temperatures of 373.15 K, 773.15 K, 1,273.15 K, and 1,573.15 K respectively. The radial 
velocity decreases at further distances and becomes zero at Z/Rin=5.667 for all the 
modelled inlet temperatures. The tangential velocities are also zero at the centre of the 
channel but reaches to a maximum value at Z/Rin=3.267. The maximum tangential velocity 
in the negative direction is 0.109, 0.24, 0.29, and 0.308 at temperatures of 373.15 K, 
773.15 K, 1,273.15 K, and 1,573.15 K respectively. The tangential velocity is again zero 
at Z/Rin=5.667 for all the temperatures. 
(a) 
 
(b) 
 
Figure 8.2 Effect entry conditions (Inlet temperature) on velocity profile along the Kuwana’s channel at constant inlet 
pressure (Pin=0 Pa). (a) Centreline axial velocity; (b) radial and tangential at Y/H=0.05. Hc=1 m, dc=0.2 m, 
Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15K, g=9.81 m/s
2, Pref = 101,325 Pa. (Adapted from Al-Atresh 
et al., 2012.)  
8.4.2 Effect of Inlet Temperature on the Normalized Centreline 
Temperature 
Figure 8.3 shows the effect of the inlet temperature (Tin) on the normalized centreline 
temperature (
Tc−Tamb
Tin−Tamb
) along the height. The general trend of the normalized centreline 
temperature along the channel is similar to the Tc along the channel described in 
chapter 4. As Tin rises, the normalized centreline temperature decreases along the 
channel. This is basically because at the higher Tin, the values of the denominator of 
the normalized variable are higher, causing the decrease of normalized centreline 
temperature with the increase of Tin. In general, the centreline temperature (Tc) 
increases with the increase of Tin and this is because the buoyant flow has and 
maintains more thermal energy along the height. The small Tc differences above the 
inlet are the effect of cooling; due to entrainment ambient flow, equals. As seen in 
Figure 8.3, the lowest profile of normalized centreline temperature is at 
Tin=1,573.15 K. 
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Figure 8.3 The effect of inlet hot air temperature on normalized centreline temperature at constant inlet pressure 
(Pin=0 Pa). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s2, 
Pref=101,325 Pa. 
8.4.3 Effect of Inlet Temperature on the Normalized Centreline 
Axial Vorticity 
Tin affects the normalized centreline axial vorticity (ωc × √
Hc
g
 ) as shown in figure 8.4. 
The general profile of the normalized centreline axial vorticity is similar to the 
centreline axial vorticity shown in chapter 4. The vorticity increases along the 
centreline of the split channel with the increase of Tin. As expected, with the increase 
of inlet temperature, the suction at the slots increases due to density differences leading 
to an increase in the circulation and consequently the vorticity inside the split channel. 
The highest profile of normalized centreline axial vorticity is at Tin=1,573.15 K, while 
the lowest profile is at Tin=373.15 K.  
 
Figure 8.4 The effect of inlet hot air temperature on normalized centreline vorticity Y at constant inlet pressure 
(Pin=0 Pa). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
Figure 8.5 presents the effect of inlet temperature at constant inlet total pressure 
(Pin=0 Pa) on the average axial vorticity at different heights. The vorticity is non-zero 
at the base of the channel but rapidly reaches to a maximum value at Y=0.05 m 
(Y/H=0.05) for all the cases. In the case of zero inlet pressure, the maximum vorticity 
is 0.28, 0.78, 1.0123 and 1.101 at temperatures of 373.15 K, 773.15 K, 1,273.15 K and 
1,573.15 K respectively. The vorticity decreases as the height increases and at 
Y/H=0.15 is about 0.244, 0.571, and 0.84, 0.918 at temperatures of 373.15 K, 
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773.15 K, 1,273.15 K and 1,573.15 K respectively. With further increases in height, 
the vorticity increases and reaches its second maximum at Y/H=0.6 and then decreases 
to a minimum value at the top of the channel (Al-Atresh et al., 2012). 
Increasing the inlet temperature increases the maximum vorticity with respect to the 
central axis at lower heights of the channel. This was expected because rising air 
decreases in temperature and, consequently, its momentum as its height increases. The 
interesting result is that the height of the maximum vorticity is virtually independent 
of the inlet temperature for Kuwana’s channel (Al-Atresh et al., 2012). 
 
Figure 8.5 The effect of the inlet temperature at constant inlet total pressure (Pin=0 Pa) on average vorticity with 
respect to Y-axis. A: Tin=1,573.15 K; B: Tin=1,273.15 K; C: Tin=773.15 K; F: Tin=373.15 K (Adapted from Al-Atresh et 
al., 2012). 
8.4.4 Effect of Inlet Temperature on the Normalized Inlet and Exit Mean 
Axial Velocity 
The normalized average inlet and exit axial velocity are affected by the change of Tin 
as represented in figure 8.6. The normalized inlet average axial velocity is higher than 
the normalized exit average axial velocity at all reported Tin. Both the normalized inlet 
and exit average axial velocities increase with the increase of Tin. It is clear that the 
increase of 
 𝑉𝑖𝑛
√𝑔×𝐻𝑐
 and 
 𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
 is due to the fact that the inlet buoyant flow increases 
along the height with the increase of Tin but, because of the cooling act of the swirl 
flow, the normalized average exit velocity becomes less than the normalized average 
inlet velocity. It can be also seen that the normalized average exit velocity itself is high 
with the high Tin (see Figure 8.6). This is as a result of the exit buoyant flow still being 
high with the high inlet temperature, and the increase of entrainment flow which leads 
to an increase in the exit velocity through the constant exit cross-section.  
From figure 8.6, polynomial correlation can be extracted between the Tin and 
normalized inlet and exit average axial velocities and can be used to estimate the 
required values for unreported Tin as follows: 
 
 𝑉𝑖𝑛
√𝑔×𝐻𝑐
 = 0.7203 ln (𝑇𝑖𝑛) − 4.0395                                                                (8.4)                                                                         
 𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
= 0.1134 ln(𝑇𝑖𝑛) − 0.5792                                                                (8.5)    
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Figure 8.6 The effect of inlet hot air temperature on normalized inlet velocity and exit velocity at constant inlet 
pressure (Pin=0 Pa). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0, and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
8.4.5 Effect of Inlet Temperature on Entrainment Ratio and Normalized 
Inlet Mass Flow Rate 
Tin also affects the entrainment ratio and the normalized inlet mass flow rate, as shown 
in figure 8.7. The normalized inlet mass flow rate increases to reach its maximum 
(52.076) at Tin=673.15 K and then starts decreasing with the increase of Tin. The first 
increase of the normalized inlet mass flow rate due to the increase of Tin (until 
673.15 K) is because the increase of temperature leads to sharp increases of average 
inlet velocity with Tin of power of 1.7438 (see Figure 8.8), while it causes decreases 
of average inlet air density with Tin of power of -1. Using Equation 4.55, the resulting 
inlet mass flow rate raises with Tin of power of 0.7438. Furthermore, the slight 
reduction in the normalized inlet mass flow rate is because it is equal to Tin power of -
0.1955 (use Equation 4.55). The continued increase of the entrainment ratio is mainly 
because the large entrainment mass flow rate and its large value is due to the large total 
area of slots and large ambient density of the entrainment air in comparison with the 
area and air density at the inlet.  
 
Figure 8.7 The effect of inlet hot air temperature on entrainment ratio and normalized inlet mass flow rate at 
constant inlet pressure (Pin=0 Pa). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, 
g=9.81 m/s2, Pref=101,325 Pa. 
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Figure 8.8 the effect of the inlet temperature on the inlet velocity and density. 
The following polynomial correlation represents all data plotted in figure 8.8: 
 
Min
Mref
 =  −4 × 10−16(T𝑖𝑛)
6  +  2 × 10−12(T𝑖𝑛)
5  −  3 × 10−9(T𝑖𝑛)
4  + 6 ×
10−9(T𝑖𝑛)
3  −  0.0057(T𝑖𝑛)
2  +  2.2348(T𝑖𝑛) +  309.1                                         (8.6)      
The entrainment ratio increases linearly with the reported Tin and this is the main 
reason that the total entrainment mass flow rate is higher than the inlet mass flow rate. 
Its minimal value is 14.00 at Tin=373.15 K while, as reported in Al-Atresh et al. (2014), 
‘the value of entrainment ratio is 29.6 at Tin=1573.15 K’: the maximal value in Figure 
8.7. The following correlation can be used to estimate its value at any Tin through this 
range 373.15 K <Tin<1573.15 K’: 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚𝑖𝑛
 =  0.0131(𝑇𝑖𝑛) +  8.7956                                                                (8.7)        
8.4.6 Effect of Inlet Temperature on the Thermal Efficiency (𝜼) % 
Figure 8.9 shows that the efficiency profile has the same trend as reported in chapter 
4, and with the increase of Tin, the efficiency increases and reaches its maximal values 
at the top of the channel. The maximal efficiency achieved is 0.01125 at Y/Hc=1, and 
Tin=1,573.15 K, while the minimal efficiency that occurred is 0.0000185 at Y/Hc =0.05 
and Tin=373.15 K. At the high Tin, the circulation increases due to the high differences 
in density and consequently increases the suction at the slots. The interaction with the 
updraft plume can generate high vorticity at higher Tin, leading to a large conversion 
of thermal energy to kinetic energy with higher Tin.  
 
Figure 8.9 The effect of inlet temperature (Tin) at constant inlet total pressure (Pin=0 Pa) on the efficiency percentage 
along the split channel  
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It seems that using the split channel as a chimney to dilute the pollutants can be more 
effective if the Tin is at its highest possible value, because that is when the entrainment 
ratio and exit axial velocity have their maximal values. In addition, the magnitude of 
vorticity is affected significantly by the increase of Tin, however, the value of efficiency 
is less than one. This demonstrates it can be a good fuel saver which helps to increase the 
thermal efficiency of engines and help slightly to mix the combustibles to decrease the 
percentage of pollutants from the combustion reaction. This may be most useful in one 
particular application. Firstly, the decrease of the percentage of pollutants around the split 
chimney. Secondly, the pollutants can be dispersed into the atmosphere at the highest 
possible velocity. Thirdly, due to the small value of the efficiency, this non-optimized 
split channel cannot be used at power stations to utilise geothermal sources to produce 
electricity. As result, the inlet temperature is an important variable for the designers 
because it has a major impact on the design for some of the reported applications. 
8.5 Effect of Inlet Pressure (Pin) 
In this section, the CFD parameters are presented at different inlet total pressure (Pin) 
with gauge values ranging from 0 Pa to 5 Pa with increments of one Pascal. At the 
same time, the height of the channel (1 m), the diameter of the channel (0.2 m), the 
diameter of the inlet (0.03 m), the width of the gap (0.02 m), the depth of the gap (0 m), 
the height of the gap (0 m), the height of the inlet (0 m) and the inlet temperature 
(1,573.15 K) are constant through all the CFD simulations.  
8.5.1 Effect of Inlet Pressure on Normalized Centreline Axial 
Velocity 
Figure 8.10 shows that Pin changes the axial velocity (at constant Tin) more around the 
inlet region and then the change becomes less along the rest of the height of the channel. 
The normalized axial velocity increases as the Pin increases. As the inlet pressure 
increases at constant Tin, the inlet momentum flow increases and consequently the inlet 
velocity, but the increase of entrainment flows around the inlet is expected due to the 
increased suction there with the increase of Vin. For example, on the inlet, the 
normalized velocity is 2.84 at Pin=5 Pa, while it becomes 1.54 at Pin=0 Pa.  
 
Figure 8.10 The effect of inlet hot air pressure on normalized centreline axial velocity at constant inlet temperature 
(Tin=1,573.15 K). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Tin=1,573.15 K, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
Figure 8.11 shows the effect of inlet velocity (or inlet total pressure) on the radial and 
tangential velocities at the height of Y/Hc=0.05. The effect of increasing the inlet 
velocity is very similar to the effect of increasing the temperature. In this case, the 
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radial and tangential velocities are at their maximum at Z/Rin=0.809 and Z/Rin=3.238 
respectively for all the pressures (Al-Atresh et al., 2014). 
 
Figure 8.11 The effect of entry conditions (inlet pressure) at constant inlet temperature (Tin=373.15 K) on radial and 
tangential velocities at Y/Hc=0.05 into Kuwana’s channel. Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. 
Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa (adapted from Al-Atresh et al., 2012). 
8.5.2 Effect of Inlet Pressure on Normalized Centreline 
Temperature 
As seen in figure 8.12, the normalized centreline temperature is affected by Pin by a 
significant amount from Y/Hc=0.1 to 0.5. As the Pin (and consequently the Vc at the 
inlet) increases, the  
Tc−Tamb
Tin−Tamb
 also increases. Around the inlet, the effect of Pin does not 
appear clearly, because the Tin in all cases is constant at 1,573.15 K. As the flow is 
driven by buoyancy force, where natural convection has an important role, the 
Tc−Tamb
Tin−Tamb
 is expected to be raised along the channel with higher Pin due to the enhanced 
transfer of the thermal heat by the updraft flow. 
 
Figure 8.12 Effect of inlet hot air pressure on normalized centreline temperature at constant inlet temperature 
(Tin=1,573.15 K,). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Tin=1,573.15 K, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
8.5.3 Effect of Inlet Pressure on Normalized Centreline Axial 
Vorticity 
Figure 8.13 presents the change of normalized centreline axial vorticity along the 
height at different Pin. The general trend is still the same as presented in chapter 4. 
However, as Pin increases, the position where the maximal vorticity is located becomes 
closer to the inlet. The increase in Pin causes an increase in 𝜔 × √
Hc
g
 along the height of 
-0.3
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0 1 2 3 4 5 6
u
ϴ
/√
g
×
H
c 
  
  
  
  
  
 u
r 
/√
g
×
H
c 
  
z/Rin
Y/H=0.05
Pin=0 pa
Pin=2 pa
Pin=5 pa
0
0.2
0.4
0.6
0.8
1
1.2
0 0.2 0.4 0.6 0.8 1
T
c-
T
am
b
/T
in
-T
am
b
Y/Hc
Pin=0 pa
Pin=1 pa
Pin=2 pa
Pin=3 pa
Pin=4 pa
Pin=5 pa
Chapter 8 - Computational Results and Discussion 
__________________________________________________________________________ 
Safia R. Al Atresh                                                                                                               122 
 
the channel. The increase of normalized centreline axial vorticity can be the result of 
the increased suction from the slots due to the density differences between the 
centreline temperature and the entrainment air and increased Pin. The lowest 
normalized centreline axial vorticity profile results when using Pin=0 Pa, while the 
highest profile is obtained using Pin=5 Pa.  
 
Figure 8.13 Effect of inlet hot air pressure on normalized centreline vorticity Y at constant inlet temperature 
(Tin=1,573.15 K,). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Tin=1,573.15 K,, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
The effect of the inlet pressure on the vorticity at a temperature of 373.15 K is shown 
in figure 8.14. There is significant vorticity for all the inlet pressures at the base of the 
channel. It becomes maximum at around Y=0.05 m (Y/Hc=0.05). The maximum 
average vorticity is 0.279, 0.538, and 0.803 at inlet pressures of 0 Pa, 2 Pa, and 5 Pa 
respectively. The vorticity decreases at greater heights and reaches values of 0.0939, 
0.2, and 0.803 at Y/Hc=1 for total pressures of 0 Pa, 2 Pa, and 5 Pa respectively 
(Al-Atresh et al., 2012). Similarly to the effect of increasing the temperature, the axial 
vorticity shows a second maximum at Y/Hc=0.3 where the vorticity is 0.26, 0.52 and 
0.80 for total inlet pressures of 0 Pa, 2 Pa and 5 Pa respectively. 
 
Figure 8.14 The effect of total pressure on normalized average axial vorticity with respect to Y-axis at constant 
temperature (Tin=373.15 K). F: Pin=0 Pa; E: Pin=2 Pa; D: Pin=5 Pa (adapted from Al-Atresh et al., 2012). 
8.5.4 Effect of Inlet Pressure on Normalized Inlet and Exit Axial 
Mean Velocity 
The effect of Pin on the average inlet and exit axial velocities is indicated by figure 
8.15. By the increase of Pin from 0 Pa to 5 Pa, the ( 
 𝑉𝑖𝑛
√𝑔×𝐻𝑐
) increases from 1.28 to 2.66 
at 0 Pa and 5 Pa respectively and its increase can be indicated by equation (8.8). This 
increase of ( 
 𝑉𝑖𝑛
√𝑔×𝐻𝑐
) is because the inlet pressure drop (Pin-Patm), which is considered a 
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driving force of flow, increases with the increase of Pin. The ( 
 𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
) changes with the 
change of Pin where it increases significantly from 0.079 to 0.27 from 0 Pa to 1 Pa, and 
then it increases linearly to reach its highest value (0.33) at 5 Pa. The effect of Pin to 
increase the ( 
 𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
) is not large and it is probably because the effect of Pin on the inlet 
momentum flow (the velocity) cannot be maintained along the height as opposed to 
the increase of Tin in the previous section. The overall increase of ( 
 𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
) can be 
represented by Equation (9.9). As expected, the normalized inlet velocity is greater 
than the normalized exit velocity. 
 𝑉𝑖𝑛
√𝑔×𝐻𝑐
 = 0.0033(𝑃𝑖𝑛)
3 - 0.0466(𝑃𝑖𝑛)
2+ 0.426(𝑃𝑖𝑛)  + 1.2854                                  
(8.8) 
 𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
 = 0.0169 (𝑃𝑖𝑛) + 0.2542                                                                                 
(8.9) 
 
Figure 8.15 Effect of inlet hot air pressure on normalized inlet velocity and exit velocity. Hc=1 m, dc=0.2 m, 
Wg=0.02 m, dg=0, and din=0.03 m. Tin=1,573.15 K, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.5.5 Effect of Inlet Pressure on Entrainment Ratio and Normalized 
Inlet Mass Flow Rate 
The effect of Pin on the entrainment ratio and the normalized inlet mass flow rate is 
obvious. The entrainment ratio is reduced by the increase of Pin, while the normalized 
inlet mass flow rate increases by the increase in the Pin (See figure 8.16). The reduction 
of 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
 means that the increase of inlet mass flow rate is more than the increase of 
the total mass entrainment flow rate. However, the increase of 
Min
Mref
 is mainly because 
of the increase of the average inlet velocity as result of the increased pressure drop at 
the inlet. However, the reduction of the entrainment ratio is because the inlet mass 
flow rate increases. The lowest entrainment ratio is 17.92 and the highest normalized 
inlet mass flow rate is 91.79 at 5 Pa, whereas the highest entrainment ratio is 29.6 and 
the lowest normalized inlet mass flow rate is 44.19 at 0 Pa. The entrainment ratio and 
normalized inlet mass flow rate can be estimated using equations (8.10) and (8.11) for 
any Pin within the reported range from 0 Pa to 5 Pa. 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
 = -0.1(Pin)
3 + 1.1828(Pin)
2 - 5.6682(Pin) + 29.151                                     (8.10)                                
y = 0.0169x + 0.2542
y = 0.0033x3 - 0.0466x2 + 0.426x + 1.2854 
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Min
Mref
 = -0.7405(Pin)
2 + 13.083(Pin) + 44.579                                                         (8.11)                                
  
Figure 8.16 Effect of inlet hot air pressure on entrainment ratio and the normalized inlet mass flow rate at constant 
inlet temperature (Tin=1,573.15 K). Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0, and din =0.03 m. Tin=1,573.15 K, 
Tamb=298.15 K, g=9.81 m/s
2, Pref = 101,325 Pa. 
8.5.6 Effect of Inlet Pressure on the Thermal Efficiency ( 𝜼 ) 
Percentage 
Figure 8.17 shows that the efficiency increases with increasing Pin, particularly from 
the inlet until Y/Hc=0.35. Its general trend is almost the same as the efficiency at zero 
inlet total pressure and Tin of 1,573.15 K as reported in chapter 4 where their lowest 
values are around Y/Hc=0.1. The inlet η is 0.00064% and 0.0028% at 0 Pa and 5 Pa 
respectively. After Y/Hc=0.35, the effect on η becomes insignificant until Y/Hc=0.8 
where there is a slight increase with the increase of Pin again. The small value of 
efficiency will affect using split channel at power stations.    
 
Figure 8.17 The effect of inlet pressure (Pin) at constant inlet temperature (Tin=1,573.15 K) on the efficiency 
percentage along the split channel. 
It can be concluded that Pin is not the critical variable for the designers of the split 
chimney, the fuel saver, or it can work for power stations. Firstly, at high Pin the 
entrainment ratio decreases due to a significant increase in the inlet mass flow rate. In 
addition, the axial exit velocity is not affect significantly. Secondly, for the fuel saver 
in automobiles, there is no control of the pressure of generated hot air; however, at 
high Pin, the vorticity increases significantly. This high vorticity at the high Pin is the 
cause of the increase in η; however, the η cannot be used for power production 
purposes. Pin is a major variable for the designer of the split channel for dilution 
purposes.  
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8.6 Effect of Inlet Diameter (din) 
In this section, the CFD parameters are presented at different inlet diameters (din) 
which are 0.02 m, 0.03 m, 0.07 m, 0.08 m, 0.09 m, 0.1 m, 0.11 m, 0.13 m, 0.14 m, 
0.15 m, 0.16 m, 0.165 m, and 0.17 m. The height of the channel (1 m), the diameter of 
the channel (0.2 m), the width of the gap (0.02 m), the depth of the gap (0 m), the 
height of the gap (0 m), the height of the inlet (0 m), the inlet temperature (1,573.15 
K), and the total pressure (0 Pa) are maintained at constant through all the CFD 
simulations. Investigating the effect of din means studying the effect of the increase of 
the diameter of the updraft plume and how this can affect the generation of the swirl 
plume.  
8.6.1 The Effect of Inlet Diameter on the Normalized Centreline 
Axial Velocity  
The change of normalized centreline axial velocity profiles along the split channels 
with different inlet diameters of hot air flow is shown in figure 8.18. The results 
indicate that the normalized axial velocity trend along the height of the channel is 
affected significantly by the values of din, where the trend can be divided into four 
categories. The first category is when din is 0.02 m and 0.03 m (see figure 8.18 (a)). 
The second category is for 0.07 m≤din≤0.11 m (see figure 8.18 (b)). The third is when 
din is 0.13 m, 0.14 m, and 0.15 m (see figure 8.18 (c)). The fourth is for 
0.16 m≤din≤0.17 m (see figure 8.17 (d)). When din/Hc=0.02 & 0.03, the normalized 
axial velocity decreases sharply after the inlet, then is approximately constant along 
the rest of the channel until some further decay occurs near the exit; this is the general 
trend mentioned in chapter 4. Meanwhile, it increases sharply above the base for the 
first few centimetres and then decreases gradually if 0.07≤din/Hc≤0.11. Moreover, at 
din/Hc=0.13 and 0.14, its increase becomes higher until approximately Y/Hc=0.5 while 
at din/Hc=0.15, the increase of centreline velocity continues until Y/Hc=0.8 and then 
starts to decrease along the height. Furthermore, at din/Hc=0.16, 0.165 and 0.17, the 
central velocity increases along the height; however, the magnitude of velocity is lower 
than that in the case of din/Hc=0.15.  
In addition, the din also affects the profiles (the values along the profile) of the 
normalized axial velocity. By increasing din from 0.02 m to 0.03 m, the profile of 
 𝑉𝑐
√𝑔×𝐻𝑐
 clearly increases along the channel. In addition, the profile of 
 𝑉𝑐
√𝑔×𝐻𝑐
 also 
increases because of the increase of din from 0.07 m to 0.11 m, with the maximum 
being reached further downstream of the inlet. Note that in the top quarter of the 
channel, the values for din of 0.07 m and 0.08 m are very close to each other, as are the 
values for din of 0.09 m and 0.1 m. The profile of the normalized centreline axial 
velocity also increases as the din increases from 0.13 m to 0.14 m. Change of value of 
din from 0.15 m to 0.17 m leads to a decrease in the profiles of 
 𝑉𝑐
√𝑔×𝐻𝑐
. It seems that din 
could affect the normalized centreline axial velocity significantly in different ways to 
Tin and Pin. 
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Figure 8.18 The effect of inlet diameter on the normalized centreline axial velocity v. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.18 (a) The effect of inlet diameter (0.02 m and 0.03 m) on the normalized centreline axial velocity v. 
Hc=1 m, dc=0.2 m, Wg=0.02 m, and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.18 (b) The effect of inlet diameter (0.07 m≤din≤0.11 m) on the normalized centreline axial velocity v. 
Hc=1 m, dc=0.2 m, Wg=0.02 m, and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.18 (c) The effect of inlet diameter (0.13 m, 0.14 m, 0.15 m) on the normalized centreline axial velocity v. 
Hc=1 m, dc=0.2 m, Wg=0.02 m, and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
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Figure 8.18 (d) The effect of inlet diameter (0.16 m≤din≤0.17 m) on the normalized centreline axial velocity v. 
Hc=1 m, dc=0.2 m, Wg=0.02 m, and dg=0, Tin=1,573.15 K,, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.6.2 The Effect of Inlet Diameter on the Normalized Centreline 
Temperature 
The effect of din on the normalized centreline temperature is indicated in figure 8.19. 
At the din/Hc of 0.02 and 0.03, the centreline temperature quickly decreases before 
asymptotically decreasing to ambient. When 0.07≤ din/Hc≤ 0.11, the normalized 
centreline temperature persists further than in the case of din/Hc=0.02 and 0.03 and 
(
Tc−Tamb
Tin−Tamb
) then decreases gradually with some evidence of approaching an asymptote 
at approximately Y/Hc=0.8. When the din/Hc is 0.13 and 0.15, the inlet temperature 
penetrates to around din/Hc of 0.2, and then it gradually decreases along the height. At 
0.16≤din/Hc ≤0.17, the behaviour of (
Tc−Tamb
Tin−Tamb
) near the inlet is identical, but it then 
starts decreasing linearly before becoming constant for Y/Hc>0.8. The values of 
(
Tc−Tamb
Tin−Tamb
) for din/Hc between 0.13 and 0.17 is higher than those for the range of 
0.07≤din/Hc≤0.11, while the normalized centreline temperature for the din/Hc of 
0.02 m and 0.03 m is the lowest.  
 
Figure 8.19 The effect of inlet diameter on normalized centreline temperature. Hc=1 m, dc=0.2 m, Wg=0.02 m, and 
dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.6.3 The Effect of Inlet Diameter on the Normalized Centreline 
Axial Vorticity 
According to figure 8.20, when din/Hc increases from 0.02 m to 0.03 m, the normalized 
centreline axial vorticity increases from Y/Hc=0.77 along the rest of the height of the 
channel. As the din/Hc increases from 0.07 to 0.11, the axial vorticity decreases, while 
the velocity increases (see figure 8.17). When din/Hc=0.13 and 0.14, the centreline 
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axial vorticity is relatively unaffected; however, the axial velocity of din/Hc=0.14 is 
higher than that of din/Hc=0.13 because the normalized centreline temperature for 
din/Hc of 0.14 is higher than in the case for din/Hc of 0.13. For din/Hc=0.15, the vorticity 
becomes higher than for din/Hc=0.14 at Y/Hc=0.6 because of the increased temperature. 
At din/Hc=0.16, 0.165 and 0.17, the normalized axial vorticity is almost the same due 
to the similarity of the normalized centreline temperature for both cases. It can be seen 
that at the higher value of din/Hc, the centreline axial vorticity has its lowest values 
because the swirl starts decreasing dramatically. It seems that temperature is not the 
reason vorticity increases. For example, increasing din/Hc from 0.07 to 0.11, the 
normalized (
Tc−Tamb
Tin−Tamb
) increases and, as a result, the normalized centreline velocity 
increases, but the normalized centreline vorticity decreases. This is because the 
increase of the diameter of the updraft plume decreases the penetration of entrainment 
air to the centreline of the swirl plume, hence decreasing the normalized centreline 
vorticity.  
 
Figure 8.20 The effect of inlet diameter on the normalized centreline axial vorticity. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
and dg=0, Tin=1,573.15 K,, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.6.4 The Effect of Inlet Diameter on Normalized Inlet and Exit 
Mean Velocity 
Figure 8.21 indicates the relationship between the inlet and exit average normalized 
axial velocity with the dimensionless group of inlet diameters. It was found that the 
increase of the inlet diameter results in an increase in the mean exit velocity for the 
tested values of inlet diameter. The mean inlet velocity increases with the increase of 
the inlet diameter and then starts decreasing after din/Hc=0.09. In general, the exit 
velocity equals the inlet velocity at din/Hc=0.16. After that, the exit velocity becomes 
more than the inlet velocity. The following equations are used to model the normalized 
inlet and exit axial velocities through the tested range of 0.2 ≤ din ≤ 0.17. 
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Figure 8.21 The effect of inlet diameter on the dimensionless group of inlet and exit. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
and dg=0, Tin=1,573.15 K,, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
𝑉𝑖𝑛
𝐻𝑐√𝑔
= −33.935 (
𝑑𝑖𝑛
𝐻𝑐
)
2
+ 5.1582 (
𝑑𝑖𝑛
𝐻𝑐
) + 1.0914                                              (8.12) 
𝑉𝑒𝑥𝑖𝑡
𝐻𝑐√𝑔
= 6.0131 (
𝑑𝑖𝑛
𝐻𝑐
) + 0.0518                                                                             (8.13) 
8.6.5 The Effect of Inlet Diameter on the Entrainment Ratio and 
Normalized Inlet Mass Flow Rate  
As shown in figure (8.22), the entrainment ratio is inversely related to the inlet 
diameter according to a power function, while the normalized inlet mass flow rate 
increases with the inlet diameter. At low inlet diameters, the entrainment ratio becomes 
high; for instance, at din/Hc=0.02, the entrainment ratio is 47.67 while the normalized 
inlet mass flow rate becomes 18.13. Whereas, at larger inlet diameters, the entrainment 
ratio becomes low; for instance, at din/Hc=0.17, the entrainment ratio is 1.97 but the 
normalized inlet mass flow rate is much higher (1,109.1). The general formulae for the 
reported data for both the entrainment ratio and the normalized inlet mass flow rate are 
reported in equations (9.14) and (9.15). The main reason for the decrease of the 
entrainment ratio with the increase of din is that the inlet mass flow rate is much lower 
than the total entrainment mass flow rate and this consequently, is because the cross-
sectional area of the inlet of hot air (0.0007m2) is less that the total cross-sectional area 
of the two slots (0.04 m2). 
 
Figure 8.22 The effect of inlet diameter on the normalized mass flow rate and the entrainment ratio. Hc=1 m, 
dc=0.2 m, Wg=0.02 m, and dg=0, Tin=1,573.15 K,, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
= 0.1318 (
din
Hc
)
−1.532
                                                                  (8.14) 
Min
Mref
= 21155(
din
Hc
)2 + 3526.8 (
din
Hc
) −  80.28                                       (8.15) 
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8.6.6 The Effect Of Inlet Diamter On Efficiency (𝜼) Percentage 
Figure 8.23 displays the effect of a change of din on the efficiency with the height of 
the channel. As the din/Hc increases from 0.02 to 0.03, the efficiency increases along 
the height of the channel. By increasing din/Hc from 0.07 to 0.17, the η is not affected 
significantly until Y/Hc =0.5, where it starts decreasing.  
 
Figure 8.23 The effect of inlet diameter on the efficiency of converting the thermal energy to kinetic energy. 
It can be concluded that din is an important factor for dilution of pollutants using the 
split chimney because the entrainment ratio reaches 50 at din of 0.02. To increase the 
discharge of outlet of pollutants and thereby increase the effective height of the 
chimney, using larger din is more appropriate with a lower entrainment ratio. For fuel 
savings, maintaining the smallest din can generate a strong swirl better than using a 
wider din. For the application of electricity production, using a din of 0.09 m or 0.15 m 
can improve the efficiency to 0.002% in comparison to the effect of Tin and Pin. The 
din has a major effect on the design of the split channel for many applications except 
for power applications, due to low efficiency. 
8.7 Effect of Width of Gap (Wg) 
The reported widths of gap here are 0.005 m, 0.006 m,0.01 m,0.0105 m, 0.012 m, 
0.015 m, 0.018 m, 0.02 m, 0.025 m, 0.03 m, 0.04 m and 0.05 m. The height of the channel 
(1 m), the diameter of the channel (0.2 m), the diameter of the inlet (0.03 m), the depth 
of the gap (0 m), the inlet temperature (1,573.15 K), and the total pressure (0 Pa) are 
maintained at constant through all the CFD simulations. When the width of gap changes 
the entrainment velocity will change, at the same time, the tangential velocity will change. 
All these changes will affect the strength of generated swirl flow. 
8.7.1 Effect of Width of Gap on Normalized Centreline Axial 
Velocity 
Figure 8.24 shows the change of the normalized centreline axial velocity profiles for 
all the cases due to the change of the width of the gap. The 
𝑉𝑐
√𝑔×𝐻𝑐
 around the inlet 
decreases by the increase of the width of the gap and this decrease is for 
Y/Hc≤0.0105 m (See figure 8.24 (a)). The change of 
𝑉𝑐
√𝑔×𝐻𝑐
 is then irregular where it 
increases at a Wg of 0.012 m and decreases at a Wg of 0.015 m and 0.018 m before it 
increases again at a Wg of 0.02 m (see Figure 8.24 (b)). Moreover, all the previous 
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changes appear clear around the inlet region and are insignificant along the height of 
the channel. The change of values of Wg of 0.025 m, 0.03 m, 0.04 m, and 0.05 m 
clearly decreases the centreline axial velocity along the height of the channel. The 
highest inlet velocity magnitude is 1.94 at Y/Hc=0 when Wg=0.005 m, while the lowest 
inlet velocity magnitude is 0.53 at Y/Hc=0 when Wg=0.05 m (Figure 8.24 (c)). The 
behalf of axial velocity profile along the height of split channel has similarity and 
difference in somehow with that reported in Zou et al. (2009); the similarities are when 
the increase of Wg leads to increase of centreline axial velocity. Additionally, at larger 
values of Wg, the axial velocity always decreases with the increase of Wg (See Wg ≥ 
0.03 cm in both of studies). 
  
Figure 8.24 The effect of the width of the gap on normalized centreline velocity v. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
 
Figure 8.24 (a) The effect of the width of the gap (0.005m, 0.0006 m, and 0.01 m) on normalized centreline velocity 
v. Hc=1m, dc=0.2 m, Wg=0.02 m, dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, 
Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.24 (b) The effect of the width of the gap (0.0105 m, 0.012 m, 0.015 m, 0.018 m, and 0.02 m) on normalized 
centreline velocity v. Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. 
Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
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Figure 8.24 (c) The effect of the width of the gap (0.025 m, 0.03 m, 0.04 m, and 0.05 m) on normalized centreline 
velocity v. Hc=1 m, dc=0.2 m, dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, 
Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.7.2 Effect of Width of Gap on Normalized Centreline Temperature 
Figure 8.25 presents the normalized centreline temperature, which decreases with the 
increasing width of the gap. However, the centreline temperature profile reported in 
Yu et al. (2013) is different to this profile: the temperature profile decreases with the 
increase of Wg when the fire whirl is generated. 
 
Figure 8.25 Effect of the width of the gap on the normalized centreline temperature. Hc=1 m, dc=0.2 m, dg=0, and 
din=0.03 m. Hc/dc=5, din/dc= 0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa 
  
8.7.3 Effect of Width of Gap on Normalized entrainment velocity 
The figure 8.26 and 8.27 show the effect of the change of width of gap on the 
normalized average entrainment velocity and the normalized entrainment velocity 
along the height of channel, respectively. According to figure 8.25, at the Wg of zero 
meters, no entrainment flow exists, and as the gap created, the entrainment flow starts 
coming in the split channel and generates the swirl flow as well. The entrainment 
velocity reach its maximal value of 0.228 (0.716 m/s) at Wg/Hc of 0.006 and then starts 
decreasing continently to reach its minimal value of 0.035 (0.111 m/s) at Wg/HC of 
0.05. This effect of width of gap on the entrainment velocity is similar to the results 
reported in Hassan et al (2005) and mentioned in chapter 2 (see figure 2.7). The figure 
8.26 indicates that velocity profile decreases along the height with the increase of Wg, 
and this trend of entrainment velocity along the height is similar to experimental results 
reported in Satoh et al. (2000). It seems that general trend of entrainment velocity has 
not been affected, if the swirl flow is with or without combustion. 
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Figure 8.26 the change of normalized average entrainment velocity with the change of gap of width. Hc=1 m, 
dc=0.2 m, dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, 
g=9.81 m/s2, Pref=101,325 Pa. 
 
Figure 8.27 the change of normalized entrainment velocity along the height with the change of gap of width. Hc=1 m, 
dc=0.2 m, dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K , Pin=0 Pa, Tamb=298.15 K, 
g=9.81 m/s2, Pref=101,325 Pa. 
8.7.4 Effect of Width of Gap on Normalized Centreline Axial 
Vorticity 
As shown in figure 8.28, the normalized centreline axial vorticity is affected by the 
change of Wg in different ways. The vorticity is likely to have a general trend along 
the split channel as reported in chapter 4, where it increases sharply to have a peak 
value around the inlet and then decreases linearly to have its minimal value at the top 
of the channel. The vorticity does not change monotonically with Wg: for the lowest 
values considered (up to 0.012 m), the vorticity increases, but then the vorticity 
decreases with increasing Wg. 
 
Figure 8.28 Effect of the width of the gap on normalized centreline axial vorticity Y. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
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8.7.5 Effect of Width of Gap on Normalized Inlet and Exit Mean 
Velocity 
The normalized inlet and exit axial velocity are affected by the change of the width of 
the gap, as seen in figure 8.29. The inlet normalized velocity decreases with the 
increase of the width of the gap. The normalized exit velocity increases to its maximal 
value (0.254) at Wg=0.012 m and then starts decreasing to its minimal value (0.14) at 
Wg=0.05 m. The general reduction in the inlet and exit velocities is because of the 
increase of the entrainment mass flow rate and, consequently, reduction of density 
differences resulting in the loss of thermal energy. Equations 8.16 and 8.17 represent 
the polynomial correlation of the normalized inlet and exit velocity against the width 
of the gap within the reported range. 
 
Figure 8.29 Effect of the width of the gap on the normalized inlet and exit velocity. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
𝑉𝑖𝑛
√𝑔×𝐻𝑐
 =    − 30.882 (
𝑊𝑔
𝐻𝑐
) +  1.8994                                                     (8.16)  
𝑉𝑒𝑥𝑖𝑡
√𝑔 × 𝐻𝑐
 = −5.5612 (
𝑊𝑔
𝐻𝑐
) + 0.8069                                                     (8.17) 
8.7.6 Effect of Width of Gap on Entrainment Ratio and Normalized 
Inlet Mass Flow Rate 
Figure 8.30 expresses the effect of the width of the gap on both the entrainment ratio 
and the normalized inlet mass flow rate, which are both linearly related to the width of 
the gap. The normalized inlet mass flow rate decreases with the increasing width of 
the gap, while the entrainment ratio increases. The 
Min
Mref
 decreases because of the 
decease of inlet velocity (inlet area and density are constant), while the increase of 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
 is due to the increase of the inlet mass flow rate as result to the area of the slots. 
When Wg=0.005 m, the normalized inlet mass flow rate and entrainment ratio are 
62.35 and 13.0 respectively, and when Wg=0.05 m, they are 15.64 and 62.59 
respectively. The correlations in equations 8.18 and 8.19 can be used to estimate the 
normalized inlet mass flow rate and the entrainment ratio for any value of Wg within 
the reported range of Wg (0.005 m ≤ Wg ≤ 0.05 m).   
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Figure 8.30 Effect of the width of the gap on normalized inlet mass flow rate and entrained ratio. Hc=1 m, dc=0.2 m, 
Wg=0.02 m, dg=0, and din=0.03 m. Hc/dc=5, din/dc=0.15 and dg/dc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, 
g=9.81 m/s2, Pref=101,325 Pa. 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
 =  1070.6 (
𝑊𝑔
𝐻𝑐
) +  8.5053                                                                   (8.18 ) 
Min
Mref
= −1064 (
𝑊𝑔
𝐻𝑐
) +  65.628                                                                            (8.19) 
8.7.7 Effect of Width of Gap on the Thermal Efficiency ( 𝜼 ) 
Percentage 
As figure 8.31 shows, the efficiency increases with the decrease of Wg around the inlet 
region until Y/Hc=0.1, and then the efficiency increases with the increase of Wg. The 
maximal efficiency (0.00134) is at the inlet when Wg=0.005 m while the minimal 
efficiency (0.000085) is at the inlet when Wg=0.05 m. The profile of the efficiency is 
linear along the height of the channel for the cases of Wg of 0.03 m, 0.04 m, and 0.05 m 
while for the rest of the reported cases, it is similar the profile reported in chapter 4. 
 
Figure 8.31 The effect of width of gap on the efficiency of converting the thermal energy to kinetic energy. 
The conclusion of this section is that as the entrainment ratio increases to around 60, 
the split chimney is one of the significant applications of this split channel in a stagnant 
atmosphere with low exit velocity for the pollutant in comparison with the effect of Tin 
or Pin. The small values of Wg for fuel saver application are appropriate because the 
swirl flow is strong and the suction at the inlet is higher at a lower value of Wg. This 
variable (Wg) is considered to have a major effect on the design of the split channel. 
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8.8 Effect of Depth of Gap (dg)  
In this section, the CFD parameters are shown at different depths of gap (dg) and the 
values are 0, 0.3 m, 0.6 m, 1 m ,1.2 m, 1.5 m, 2m, 3 m, 4 m, and 5.6 m. The height of 
the channel (1 m), the diameter of the channel (0.2 m), the diameter of the inlet 
(0.03 m), the width of the gap (0.02 m), the height of the inlet (0 m), the height of the 
gap (0 m), the inlet temperature (1,573.15 K), and the total pressure (0 Pa) are 
maintained at constant throughout all the CFD simulations. 
8.8.1 Effect of Depth of Gap on the Normalized Centreline Axial 
Velocity 
Figure 8.32 shows how the normalized centreline axial velocity is affected by the 
change of dg. It shows that 
𝑉𝑐
√𝑔×𝐻𝑐
 decreases with the increase of dg around the inlet for 
the cases of dg of 0 m, 0.003 m, 0.006 m, and 0.01 m (see figure 8.32 (a)), after which 
the effect is not clear. As dg increases from 0.012 m to 0.015 m, the velocity value 
around the inlet increases until Y/Hc is 0.1 and then decreases to Y/Hc of 0.204 before 
the change is insignificant along the rest of the channel (see figure 8.32 (b)). In addition, 
the value of the velocity increases around the inlet until Y/Hc of 0.15 for dg of 0.02 m, 
0.03 m, 0.04 m, and 0.0056 m and then for the rest of the channel height, it has an 
insignificant effect for dg of 0.02 m, 0.03 m, and 0.04 m and it decreases to its lowest 
values for dg of 0.056 m (see figure 8.32 (c)). In general, the inlet value of 
𝑉𝑐
√𝑔×𝐻𝑐
 
increases sharply at the maximal possible value (2.3) at dg of 0.056 m while its minimal 
value (1.38) is at dg of 0.006 m.  
 
Figure 8.32 The effect of the depth of the gap on normalized centreline axial velocity. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
and din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
 
Figure 8.32 (a) The effect of the depth of the gap (0 m, 0.003 m, 0.006 m, and 0.01 m) on  normalized centreline 
axial velocity. Hc=1 m, dc=0.2 m, Wg=0.02 m, and din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, 
Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
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Figure 8.32 (b) the effect of the depth of the gap (0.012 m and 0.015 m) on normalized centreline axial velocity. 
Hc=1 m, dc=0.2 m, Wg=0.02 m, and din=0.03 m. Hc/dc=5, Wg/dc=0.1 & din/dc=0.15. Tin=1,573.15 K, Pin=0 Pa, 
Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.32 (c) The effect of the depth of the gap (0.02 m, 0.03 m, 0.04 m, and 0.056 m) on normalized centreline 
axial velocity. Hc=1 m, dc=0.2 m, Wg=0.02 m, and din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, 
Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.8.2 Effect of Depth of Gap on Normalized Centreline Temperature 
Figure 8.33 indicates the overall change of the normalized centreline temperature 
profiles with the change of the depth of the gap. The (
Tc−Tamb
Tin−Tamb
) decreases slightly with 
the increase of the dg (see figure 8.33 (a)) and this is probably because the 
entertainment velocity is high at these values of dg. It then increases by the increase of 
dg from 0.012 m to 0.015 m through the short distance of the channel height (see figure 
8.33 (b)). It also increases when the dg is 0.02 m, 0.03 m, and 0.04 m while the increase 
in the case of dg of 0.056 m is from Y/Hc of 0.1 to 1 (see figure 8.33 (c)). The reason 
for these increases is that the limit of the channel becomes narrow by the increase of 
dg and the loss of the thermal energy decreases. 
 
Figure 8.33 Effect of the depth of the gap on normalized centreline temperature. Hc=1 m, dc=0.2 m, Wg=0.02 m, and 
din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
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Figure 8.33 (a) The effect of the depth of the gap (0 m, 0.003 m, 0.006 m, and 0.01 m) on normalized centreline 
temperature. Hc=1 m, dc=0.2 m, Wg=0.02 m, and din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, 
Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.33 (b) The effect of the depth of the gap (0.012 m and 0.015 m) on normalized centreline temperature. 
Hc=1 m, dc=0.2 m, Wg=0.02 m, and din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, Pin=0 Pa, 
Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.33 (c) The effect of the depth of the gap (0.02 m, 0.03 m, 0.04 m, and 0.056 m) on normalized centreline 
temperature. Hc=1 m, dc=0.2 m, Wg=0.02 m, and din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, 
Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.8.3 Effect of Depth of Gap on Normalized Centreline Axial 
Vorticity 
Figure 8.34 shows the effect of a change in dg on the normalized centreline axial 
vorticity. The general trend of this variable with the change of height is similar to in 
the case of dg of 0 m (see chapter 4). It can be seen that the increase of dg leads to an 
increased normalized centreline axial vorticity except that with the increase of dg from 
0.003 m to 0.006 m, it decreases. The lowest vorticity is at dg of 0.006 m and the 
highest vorticity is at dg of 0.056 m. 
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Figure 8.34 Effect of the depth of the gap on normalized centreline axial vorticity Y. Hc=1 m, dc=0.2 m, Wg=0.02 m, 
and din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
8.8.4 Effect of Depth of Gap on Normalized Inlet and Exit Mean 
Axial Velocity 
The results in figure 8.35 show how the depth of the gap can affect the normalized 
inlet and exit mean axial velocities within the reported range. The normalized inlet 
velocity generally increases with the increase of dg and it can be represented linearly 
as in equation (8.20). For the normalized exit velocity, it is constant and then drops 
down before it increases again to start decreasing at the end of the dg range. It is 
represented by a polynomial equation (8.21). The inlet velocity is higher than the exit 
velocity and this demonstrates the existence of the suction through the two slots, as a 
consequence decreasing the buoyant force due to cooling and, as a result, decreasing 
the exit velocity.   
 
Figure 8.35 Effect of the depth of the gap on normalized inlet and exit velocities. Hc=1 m, dc=0.2 m, Wg=0.02 m, and 
din=0.03 m. Hc/dc=5, Wg/dc=0.1 and din/dc=0.15. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
 
𝑉𝑖𝑛
𝐻𝑐√𝑔
 =  14.76(
𝑑𝑔
𝐻𝑐
)  +  1.1921                                                                                     (8.20)  
 
𝑉𝑒𝑥𝑖𝑡
𝐻𝑐√𝑔
  =  − 0.3038(
𝑑𝑔
𝐻𝑐
)  +  0.2454                                                                              (8.21)  
8.8.5 Effect of Depth of Gap on Entrainment Ratio and Normalized 
Inlet Mass Flow Rate 
Figure 8.36 presents the relationship between the entrainment ratio and the normalized 
inlet mass flow rate with the dg. As a general trend, the entrainment ratio decreases 
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and the normalized inlet mass flow rate increases with the increase of dg within the 
reported range. Due to the decrease of entrainment mass flow rate and the increase of 
inlet mass flow rate with the increase of size of slot (dg), the  
𝒎𝒆𝒕𝒐𝒕𝒂𝒍
𝒎𝐢𝐧
 decreases. The 
increase of  
𝑴𝒊𝒏
𝑴𝒓𝒆𝒇
 is because the increase of inlet average velocity. The entrainment ratio 
and normalized inlet mass flow rate can be correlated with dg by equations (8.22) and 
(8.23) respectively. 
 
Figure 8.36 Effect of the depth of the gap on normalized inlet mass flow rate and entrainment ratio. Hc=1 m, 
dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
  
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
= −430.4 (
𝑑𝑔
𝐻𝑐
)  +  30.244                                                                            (8.22) 
𝑀𝑖𝑛
𝑀𝑟𝑒𝑓
= 490.36 (
𝑑𝑔
𝐻𝑐
)  +  41.025                                                                                   (8.23)  
8.8.6 Effect of the Depth of Gap on the Thermal Efficiency (𝜼) 
Percentage 
Figure 8.37 shows how the depth of the gap changes the efficiency along the height of 
the channel. As the dg increases, the efficiency decreases along the height of the 
channel. The general trend of efficiency along the channel is almost the same as that 
reported in chapter 4 but with using the maximal possible value of dg (0.056 m), the 
efficiency at the inlet reaches its maximal value (0.0019) and then decreases suddenly 
before it becomes steady along the height of the channel with its lowest value 
(0.00034). 
 
Figure 8.37 The effect of depth of gap on the efficiency along the height of channel. 
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It can be concluded that to use this configuration as a split chimney for dilution 
purposes, the designer should keep working with the lowest value of dg; however, this 
will not accelerate the exiting of pollutants at the outlet. In addition, the large value of 
dg is an excellent variable to be taken into account from the point of view of the fuel 
saver design because the highest dg leads to the greatest increase in the intake at the 
inlet and generates the highest value of centreline axial vorticity. However, the highest 
possible value of dg is useful to produce low mechanical energy, which is not practical 
to be converted to electricity at power stations. The dg has a major effect as a design 
variable in comparison to the other variables. 
8.9 Effect of Internal Diameter of Split Cylinder (dc) 
The values of the internal diameter of the split cylinder which were under study are 
0.07 m,0.09 m, 0.12 m, 0.2 m,0.24 m, and 0.3 m. The height of the channel (1 m), the 
diameter of the inlet (0.03 m), the width of the gap (0.02 m), the height of the gap 
(0 m), the height of the inlet (0 m), the inlet temperature (1,573.15 K), and the total 
pressure (0 Pa) are maintained as constant throughout all the CFD simulations. It 
should be mentioned that in this case, the capacity (volume) of the split channel is 
under investigation by changing the dc. 
8.9.1 Effect of Internal Diameter of Split Cylinder on Normalized 
Centreline Axial Velocity 
Figure 8.38 indicates the effect of changing the value of the dc on the normalized 
centreline axial velocity along the height of the channel. The values of dc of 0.07 m, 
0.09 m, and 0.12 m provide low centreline axial velocity around the inlet region, while 
the values of dc of 0.2 m, 0.24 m, and 0.3 m produce high velocity until 0.10 m above 
the inlet. This can be because the increased dc increases the capacity of the split channel, 
and thereby increases the inlet mass flow rate and, consequently, the centreline axial 
velocity.   
 
Figure 8.38 Effect of channel diameter on normalized centreline axial velocity. Hc=1 m, din=0.03 m, Wg=0.02 m, and 
dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.9.2 Effect of Internal Diameter of Split Cylinder on Normalized 
Centreline Temperature 
Figure 8.39 shows the normalized centreline temperature along the height of the 
channel at different values of dc. It is obvious that the temperature profiles for the case 
of dc of 0.07 m, 0.09 m, and 0.12 m are much lower than those for the cases of dc of 
0.2 m, 0.24 m, and 0.3 m. However, all the cases have the same value of inlet 
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temperature. This variance in centreline temperature profiles can explain the behaviour 
of the centreline axial velocity profile in figure 8.38. 
 
Figure 8.39 The change of normalized centreline temperature by the change of internal diameter of split channel. 
Hc=1 m, din=0.03 m, Wg=0.02 m, and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.9.3 Effect of Internal Diameter of Split Cylinder on Normalized 
Centreline Axial Vorticity 
Figure 8.40 displays how the centreline axial vorticity changes along the height of the 
channel with the change of dc. The trend can be divided into two categories. The first 
trend is similar to that for dc=0.2 m (see also chapter 4) and values of dc of 0.24 m and 
0.3 m provide the same trend. The second type of trend is for the cases of dc of 0.07 m, 
0.09 m, and 0.12 m where the normalized centreline axial vorticity rapidly increases 
and then decreases before it increases again. The main reason for the second trend for 
the reported cases is that the strength of the swirl flow changes along the height of the 
channel. 
 
Figure 8.40 Effect of channel diameter on normalized centreline axial vorticity Y. Hc=1 m, din=0.03 m, Wg=0.02 m, 
and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.9.4 Effect of Internal Diameter of Split Cylinder on Normalized 
Inlet and Exit Mean Axial Velocity 
Figure 8.41 shows the general trend of the normalized inlet and exit average axial 
velocity against the reported values of dc. The axial inlet velocity increases with the 
increase of dc and this is because of the increase of the capacity of the split channel. 
Meanwhile, the exit axial velocity decreases linearly with the increase of dc and this 
probably due to the increase of the entrainment mass flow rate causing the decrease of 
the updraft flow. The exit axial velocity is higher than the inlet axial velocity in the 
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case of dc of 0.07 m and this is because the entrainment velocity decreases sharply at 
around Y/Hc of 0.21 (see figure 8.42 (a)), where the plume has the lowest swirl. Figure 
8.42 (b) also shows the increase of axial velocity through the top of the channel. For 
the rest of the data, the inlet axial velocity is higher than the exit velocity. The 
normalized inlet and exit average axial velocities are correlated with the dc in the 
equations (8.24) and (8.25) respectively. 
 
Figure 8.41 Effect of channel diameter on the dimensionless group of inlet and exit velocity. Hc=1 m, din=0.03 m, 
Wg=0.02 m, and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.42 The effect of the case of dc of 0.07 m on (a) the normalized entrainment velocity in the case of dc of 
0.07 m along the height of split channel, (b) axial velocity contour along the channel. 
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8.9.5 Effect of Internal Diameter of Split Cylinder on Entrainment 
Ratio and the Normalized Inlet Mass Flow Rate 
Figure 8.43 indicates the required correlations for the entrainment ratio and the 
normalized inlet mass flow rate with the dc. The entrainment ratio increases suddenly 
with the increase of dc and reaches the peak value (37) when dc=0.12 m. After that, it 
decreases to 27.7 when dc=0.3 m. The highest value of the entrainment ratio at dc of 
0.12 is the result of the small inlet mass flow rate and the total entrainment mass flow 
rate from both slots being approximately medium. However, it is not as high as the 
cases of dc being 0.2 m, 0.24 m, and 0.3 m (see figure 8.44 for the inlet mass flow rate, 
the total entrainment mass flow rate, and entrainment ratio). The entrainment ratio is 
correlated with the normalized dc by equation 8.26 while the normalized inlet mass 
flow rate is correlated in equation 8.27.   
 
Figure 8.43 Effect of channel diameter on normalized inlet mass flow rate and the entrainment ratio. Hc=1 m, 
din=0.03 m, Wg=0.02 m, and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.44 The effect of dc values on total entrainment mass flow rate, inlet mass flow rate, and entrainment ratio. 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
=  −53335 (
𝑑𝑐
𝐻𝑐
)
4
  +  46491 (
𝑑𝑐
𝐻𝑐
)
3
  −  14462 (
𝑑𝑐
𝐻𝑐
)
2
 +  1842.4 (
𝑑𝑐
𝐻𝑐
)  −  46.576         (8.26 ) 
𝑀𝑖𝑛
𝑀𝑟𝑒𝑓
= −7864.6 (
𝑑𝑐
𝐻𝑐
)
3
 +  3916.3 (
𝑑𝑐
𝐻𝑐
)
2
 −  330.34 (
𝑑𝑐
𝐻𝑐
) +  14.476                                (8.27)  
y = -53335x4 + 46491x3 - 14462x2 + 1842.4x -
46.576
y = -7864.6x3 + 3916.3x2 - 330.34x + 14.476
0
10
20
30
40
50
60
0
5
10
15
20
25
30
35
40
0 0.1 0.2 0.3 0.4
M
in
/M
re
f
E
n
tr
ai
n
m
en
t 
R
at
io
dc/Hc
Entrainment ratio
Min/Mref
0
5
10
15
20
25
30
35
40
0
0.005
0.01
0.015
0.02
0.025
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
dc/Hc
E
n
tr
ai
n
m
en
t 
R
at
io
M
in
 O
r 
to
ta
l 
en
tr
ai
n
m
n
et
 
m
as
s 
fl
o
w
 r
at
e,
 k
g
/s
Mg1+Mg2
Min
Entrainment Ratio
Chapter 8 - Computational Results and Discussion 
__________________________________________________________________________ 
Safia R. Al Atresh                                                                                                               145 
 
8.9.6 Effect of Internal Diameter of Split Cylinder on the Thermal 
Efficiency (𝜼) Percentage 
Figure 8.45 shows the effect of dc on the efficiency (η) along the split channel. Using 
low values of dc (0.07 m, 0.09 m, and 0.12 m), the η increases with the height linearly, 
while for the high values of dc (0.2 m, 0.24 m, and 0.3 m), the general trend is similar 
to the case of dc of 0.2 (see chapter 4). The η at the inlet is higher for the values of dc 
of 0.2 m, 0.24 m, and 0.3 m, but it is lowest around the top of the channel. In contrast, 
the η is low at the inlet for the values of dc of 0.07 m, 0.09 m, and 0.12 m while it is 
highest around the top of the channel. 
 
Figure 8.45 Effect of channel diameter on the efficiency along the height of channel. Hc=1 m, din=0.03 m, 
Wg=0.02 m, and dg=0, Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
It can be concluded for this section that highest value of the entrainment ratio (37 at 
dc/Hc of 0.12) is more economic than using a channel with dc/Hc of 0.2 which produces 
an entrainment ratio of only 29.1 as reported in section 8.8. At the same time, the 
acceleration of outlet pollutants is higher in the case of dc/Hc of 0.12 than dc/Hc of 0.2. 
As a result, the channel with dc/Hc of 0.12 can be used for dilution aims. Moreover, 
the channel with dc/Hc of 0.2 is perfect among the reported cases of dc values to be 
used as a fuel saver due to the high generated vorticity and the relatively high intake 
at the inlet. The dc can be considered a design variable having a medium effect on the 
design parameters. 
8.10 Effect of Number of Gaps (Ng) and Width of Gap in Case 
of Using One Gap Channel 
Through this part of this study, the effects of changing the number of gaps from one 
to two and the width of the gap for the case of using one gap were investigated 
(Wg=0.02 m and 0.04 m) and compared with the split channel with two gaps 
(Wg=0.02 m for each gap).  
8.10.1 Effect of Number of Gaps on Normalized Velocities 
Profiles 
Figure 8.46 shows how the normalized centreline axial velocity changed with changing 
the number of gaps and the width of the gap in the case of using one gap only. It can 
be seen that both affect the inlet region while the velocity profile through the rest of 
the height of the channel is affected insignificantly. Increasing the number of gaps 
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from one (1G2cm channel) to two (2G2cm channel) decreases the normalized inlet 
centreline axial velocity. Increasing the width of the gap from 0.02 m for 1G2cm 
channel to 0.04 m for 1G4cm channel decreases the normalized inlet centreline axial 
velocity.     
 
Figure 8.46 Effect of number of gaps and width of gap on normalized centreline axial velocity. Hc=1 m, dc=0.2 m, 
dp=0.03 m, Hc=1 m and dg=0. dp/hc=0.03, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, 
g=9.81 m/s2, Pref=101,325 Pa. 
Figure 8.47 shows that the normalized entrainment velocity was also affected by the 
change in the number of gaps and the width of the gap for the channel with one gap. 
To know the real effect of the number of gaps, the results of the 2G2cm model and the 
1G4cm model are compared. The 2G2cm model has two gaps of 2 cm width, and the 
1G4cm model has one gap of 4 cm width. The two models have an equal gap area but 
the number of gaps is different (Al-Atresh et al, 2014).  
 
Figure 8.47 Effect of number of gaps and width of gap on normalized entrainment velocity along the gap. Hc=1 m, 
dc=0.2 m, dp=0.03 m, Hc=1 m and dg=0. dp/hc=0.03, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 
K, g=9.81 m/s2, Pref=101,325 Pa (adapted from Al-Atresh et al. (2014)). 
In both channels (2G2cm and 1G4cm), the maximum entrainment velocity occurs near 
the base of the split channels and then decreases as the height increases (see figure 
8.47). The normalized average entrainment velocity and the total entrainment mass 
flow rate increase slightly with a decrease in the number of gaps (see table 8.1) and 
this increase occurs along the entire height of the gap for the normalized entrainment 
velocity profile (see figure 8.47). Due to the greatest difference in density between the 
ambient air and the swirling hot plume occurring at the base, the maximum normalized 
entrainment velocity occurs there. This difference decreases along the height as density 
differences decrease along the channel, leading to reductions in the suction of air and 
consequently the normalized entrainment velocity. In addition, the slight differences 
in the centreline pressure (see figure 8.47) and, consequently, the pressure gradients 
between the internal and surrounding ambient conditions, cause the slight difference 
in the entrainment velocity. Furthermore, for 1G4cm, the slight increase of the 
entrainment mass flow rate is because of the slight increase in the normalized 
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entrainment velocity (adapted from Al-Atresh et al., 2014).  
To examine the effect of the gap width, the results of the 1G4cm and the 1G2cm 
channels are compared. The narrowing of the gap leads to a significant increase in the 
average entrainment velocity, and to a decrease in the total entrainment mass flow rate 
(see table 8.1). As shown also in figure 8.47, the normalized entrainment velocity 
along the gap for the 1G2cm channel is higher for than the 1G4cm channel. 
These results can only be explained using the normalized pressure drop within the split 
channel. A low pressure region is created inside the 1G2cm channel (see figure 8.48) 
that increases the normalized pressure drop between the interior of the channel and the 
surrounding ambient fluid. The normalized average entrainment velocity also 
increases because of the higher entrainment velocity along the gap. Furthermore, 
although the normalized entrainment velocity of the 1G2cm channel is higher than that 
of the 1G4cm channel, the smaller cross-sectional area of the 1G2cm channel results 
in a smaller entrainment mass flow rate.    
Table 8.1 Normalized average entrainment velocity u and total entrainment mass flow rate for the three channels 
(Adapted from Al-Atresh et al., 2014). 
Chann
el 
Normalized Average 
Entrainment velocity u 
 
Total entrainment 
mass flow rate 
kg/s 
2G2c
m 
0.118 0.01863 
1G4c
m 
0.132 0.02050 
1G2c
m 
0.189 0.01493 
 
Figure 8.48 Normalized centreline pressure drop along the height for the three channels (adapted from Al-Atresh et 
al., 2014). 
8.10.2 Effect of Number of Gaps on the Normalized 
Centreline Temperature 
Figure 8.49 indicates the normalized centreline temperature profile for the three 
channels along the height of the channel and how it was affected by the increase in the 
number of gaps and the change of the width of the gap for the channel with one gap. 
There is no substantial effect for the normalized inlet centreline temperature because 
the Tin is the same for all channels. By increasing the number of gaps from one (1G4cm 
channel) to two (2G2cm channel), the normalized centreline temperature is decreased 
until Y/Hc=0.28 and then is similar. Meanwhile, by increasing the width of the gap, 
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the normalized centreline temperature is increased until Y/Hc=0.2 and then it is slightly 
decreased until the top of the channel. 
 
Figure 8.49 Effect of number of gaps and width of gap on normalized centreline temperature. Hc=1 m, dc=0.2 m, 
dp=0.03 m, and dg=0. dp/hc=0.03, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
8.10.3 Effect of Number of Gaps on the Normalized 
Centreline Axial Vorticity 
The overall trend of the normalized vorticity for the three channels is similar. The 
maximum normalized centreline axial vorticity is near the base, as shown in figure 
8.50, and then the vorticity decreases as the height increases. This can be explained by 
the normalized entrainment velocity having an almost constant maximum value 
around the inlet which demonstrates the highest suction there and, as a result, 
generating maximal vorticity (Al-Atresh el al., 2014). 
Figure 8.50 indicates that the centreline vorticity increases when the number of gaps 
increases even though the entrainment mass flow rate of the 2G2cm channel is lower 
than that of the 1G4cm channel. There are two possible explanations, which are: a 
more even distribution of the entrained flow in the 2G2cm channel than in the 1G4cm 
channel; and the decrease of the inlet mass flow rate at the base of the 2G2cm channel. 
It is clear that two symmetrical gaps allow reversed currents of ambient air along the 
gap and this can increase the vorticity inside the channel. In addition, the lower inlet 
mass flow rate can allow a slower flow inside the channel, creating more opportunity 
for the entrained air to penetrate the swirl flow and affect the normalized centreline 
vorticity (Al-Atresh et al., 2014).  
According to Figure 8.50, the normalized centreline vorticity decreases with the 
decrease of the width of the gap along the channel. This shows how the magnitude of 
the normalized centreline vorticity is affected by the different value of the entrainment 
mass flow rate and the entrainment velocity. The low entrainment mass flow rate of 
the 1G2cm channel could not penetrate through the swirl plume, so the centreline 
vorticity was not enhanced. However, the normalized entrainment velocity can be 
expected to confirm the average vorticity circulation, but its effect will be limited at 
the centreline due to the weakness of the radial velocity component there (Al-Atresh 
et al., 2014). 
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Figure 8.50 Effect of number of gaps and width of gap on normalized centreline axial vorticity. Hc=1 m, dc=0.2 m, 
dp=0.03 m, and dg=0. dp/hc=0.03, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
8.10.4 Effect of Number of Gaps (Ng) and the Width of Gap in 
the Case of Using One Gap Channel on Normalized Inlet and 
Exit Mean Axial Velocity 
The bar chart in figure 8.51 shows the change in the normalized average inlet and exit 
velocities among the three channels. The normalized inlet axial velocity and 
normalized mass flow rate decrease slightly from 1.5229 to 1.2132 as the number of 
gaps increases because the normalized average inlet static suction decreases slightly 
with the increase in the number of gaps (see table 8.2). While the normalized exit axial 
velocity increases slightly from 0.1635 to 0.1924 because the entrainment velocity 
from the two slots contributes to increase the average exit velocity more than that from 
one gap, the two slots have the same area (0.04 m2). 
In addition, by narrowing the area of the gap, the inlet conditions (static suction 
pressure, velocity and mass flow rate) are raised (see tables 8.1 and 8.2). The increase 
of normalized inlet suction pressure is expected to increase the normalized inlet axial 
velocity and, consequently, the normalized inlet mass flow rate. The increase of the 
normalized inlet mass flow rate can also be explained by the decrease of the 
entrainment mass flow rate leaving more room for the inlet fluid. At the other end, the 
normalized average exit velocity decreases from 0.1635 to 0.1484 due to the decrease 
in the width of the gap from 0.04 m to 0.02 m. This can be explained by the decrease 
of the entrainment mass flow of the 1G2cm channel affecting the exit mass flow rate 
and, consequently, the exit velocity. 
 
Figure 8.51 Normalized inlet and exit average axial velocities among the three channels. 
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Table 8.2 The normalized inlet static suction pressure for the three channels (Adapted from Al-Atresh et al., 2014). 
Channel Pin/Pref 
2G2cm 
-1.983×10-5  
1G4cm 
-2.783×10-5  
1G2cm -3.592×10-5  
8.10.5 Effect of Number of Gaps on Entrainment Ratio and 
the Normalized Inlet Mass Flow Rate 
Figure 8.52 shows the entrainment ratio and the normalized inlet mass flow rate for 
the three channels. The entrainment ratio decreases slightly from 30.49 to 29.59 with 
the increase of the number of gaps. This is mainly because of the decrease in the 
entrainment mass flow rate (see table 8.1). Furthermore, the normalized inlet mass 
flow rate decreases slightly as the number of gaps increases because the normalized 
average inlet static suction decreases slightly with the increase in the number of gaps 
(see table 8.2) (Al-Atresh et al., 2014).  
In addition, by narrowing the area of the gap, the inlet conditions (static suction 
pressure, velocity, and mass flow rate) are raised (see table 8.1). Likewise, the 
entrainment ratio decreases. As a result of the increase in inlet suction pressure, the 
normalized inlet axial velocity and, consequently, the normalized inlet mass flow rate 
are expected to increase. The increase in the inlet mass flow rate can also be explained 
by the decrease in the entrainment mass flow rate, leaving more room for the inlet 
mass flow rate. In addition, due to the increase in the inlet mass flow rate and the 
decrease in the entrainment mass flow rate, the entrainment ratio decreases 
substantially from 30.49 to 16.80 (Al-Atresh et al., 2014).   
 
Figure 8.52 Entrainment ratio and the normalized inlet average axial velocity for the three channels. 
8.10.6 Effect of Number of Gaps (Ng) on the Thermal Efficiency 
(𝜼) Percentage 
The efficiency was affected by the change in the number of gaps and the width of the 
gap for the channel with one gap, as shown in figure 8.53. The number of gaps is the 
number of slots created in the wall of the channel to allow the entrainment air to come 
into the channel due to the density differences (see figure 1.14 for details of geometry). 
By increasing Ng, the efficiency increases from Y/Hc=0.1 to the top of the channel, 
while narrowing the Wg of the channel with one gap increases η around the inlet region 
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until Y/Hc=0.35 and then they are similar until the η decreases near the top of the 
channel. 
  
Figure 8.53 The efficiency along the three channels with different number of gaps and different width of gap.  
It seems that due to the high vorticity profile along the channel for the split channel 
with two gaps, and the acceptable inlet velocity, the split channel with two gaps is 
recommended to be used as a split chimney for dilution aims in comparison with the 
reported split channel with one gap. Moreover, its efficiency is higher than the reported 
split channel with one gap. As a result, it can be used to convert thermal energy to 
kinetic energy. The number of gaps is a major variable for designing different 
applications. Furthermore, the split channel with one wide gap is preferred for dilution 
purposes rather than using one narrow gap, due to the relatively high entrainment ratio. 
It also can be used as a fuel saver due to the high inlet mass flow rate and the acceptable 
level of vorticity along the channel.   
8.11 Effect of Height of Inlet (Hin) 
This part tests the effect of the height of the inlet. To study the effect of Hin, a tube of 
length Hin is extended into the split channel so that the inlet flow interacts with the 
entrainment flow at height Hin above the base of the split channel. The reported heights 
of the inlet are 0 m, 0.1 m, 0.2 m, 0.3 m, and 0.75 m. The height of the channel (1 m), 
the diameter of the inlet (0.2 m), the width of the gap (0.02 m), the height of the gap 
(0 m), the inlet temperature (1,573.15 K), and the total pressure (0 Pa) are maintained 
as constant throughout all the simulations in this part.  
8.11.1 Effect of Height of Inlet on the Normalized Centreline 
Axial Velocity 
Figure 8.54 shows the expected effect of the height of the inlet on the normalized axial 
velocity profiles. By using the axial velocity profile at Hin=0 as a reference, It can be 
seen that a sharp drop in the profile starts where the height of the channel is equal to 
the height of the inlet and then the velocity profiles show gradual declination. The axial 
velocity through the height of the inlet tube has a general trend where it increases 
through the 0.01 m above the inlet and then gradually decreases. Generally, the 
magnitude of the axial velocity increases by the increase of the height of the inlet. 
However, the inlet temperature in all cases is constant. This is because of the absence 
of cooling by the entrainment air for the flow inside the inlet tube and this maintains 
the thermal energy and consequently the buoyancy force of the flow. Once the 
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interaction between the updraft flow and the generated circulation commences at 
Y/Hc=Hin/Hc, the axial velocity starts decreasing. 
 
Figure 8.54 The effect of height of inlet on normalized centreline axial velocity at constant inlet pressure (Pin=0 Pa). 
Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.11.2 Effect of Height of Hot Air Inlet on the Normalized 
Centreline Temperature  
Figure 8.55 shows how the normalized centreline temperature along the height of the 
channel is affected by the height of the inlet. The temperature profile confirms the 
explanations of the axial velocity profiles in the previous subsection where the 
temperature profile increases with an increase in the height of the inlet (Hin).     
 
Figure 8.55 The effect of height of inlet on normalized centreline temperature at constant inlet pressure (Pin=0 Pa). 
Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
8.11.3 Effect of Height of Hot Air Inlet on the Normalized 
Entrainment Velocity 
Figure 8.56 shows the effect of the height of the inlet on the normalized entrainment 
velocity along the height. It was found that the decrease in the normalized entrainment 
velocity caused by the increase in the height of the inlet is significant until Y/Hc=0.70. 
After that, because the magnitude of tangential circulation becomes similar, the 
normalized entrainment velocity profiles converge. Park (2011) shows that the 
experimental reading of the average air entrainment velocity decreases along the 
height of the channel by the increase in height of the fire source in the case of the fire-
whirl induced inside the channel with four gaps as indicated previously in chapter 2. 
The lowest entrainment velocity is when the height of the inlet is 0.75. Figure 8.55 
shows that the entrainment velocity exists (even though it is lowest) when the height 
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of the inlet is at least half the height of the channel. This is because the external hot 
surface of the inlet tube acts as a thermal heat source, sucking the ambient air with low 
velocity due to low-density differences. The highest entrainment velocity is at the 
lowest value of the height of the inlet (Hin=0). 
 
Figure 8.56 The effect of height of inlet hot air on the normalized entrainment velocity. 
8.11.4 Effect of Height of Hot Air Inlet on the Normalized 
Centreline Axial Vorticity 
The normalized axial vorticity decreases with the height of the inlet as shown in figure 
8.57. The vorticity profile along the height for the case of Hin=0 was described in 
chapter 4. Generally, the vorticity is non-zero for Y/Hc>Hin/Hc, because there is no 
swirl flow inside the inlet tube (non-split tube) where Y/Hc<Hin/Hc. However, the 
vorticity profiles maintain the general trend along the height of the split channel and 
the values are similar downstream of the inlet tube for different inlet heights. It is clear 
that the increase of Hin causes to elevate the starting of swirl flow with maintaining its 
magnitude approximately. 
 
Figure 8.57 The effect of height of inlet on normalized centreline axial vorticity at constant inlet pressure (Pin=0 Pa). 
Hc=1 m, dc=0.2 m, Wg=0.02 m, dg=0 and din=0.03 m. Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa 
8.11.5 Effect of Height of the Inlet on the Normalized Inlet and 
Exit Mean Velocity 
The normalized inlet and the exit velocity behave differently, as explained in figure 
8.58. The inlet axial velocity decreases for Hin/Hc<0.1 and then increases with the 
increase in height of the inlet and it generally follows a polynomial function (see 
equation 8.26). This increase is probably because the entrainment flow decreases with 
the increase in Hin and, due to the limited capacity of the split channel, the inlet mass 
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flow increases, so consequently the inlet axial velocity does also. Meanwhile, the exit 
average axial velocity slightly decreases linearly with the increase in the height of the 
inlet (see equation 8.27) and this is because the exit average axial velocity decreases 
with the decrease of the entrainment velocity, which is the result of the increase in the 
height of the inlet.  
 
Figure 8.58 Effect of height of inlet on the normalized inlet and exit mean axial velocities. dc=0.2 m, din=0.03 m, 
Wg=0.02 m, Hc=1 m and dg=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 𝑉𝑖𝑛
√𝑔 × 𝐻𝑐
= −4.6421 (
𝐻𝑖𝑛
𝐻𝑐
)
3
+ 6.3044 (
𝐻𝑖𝑛
𝐻𝑐
)
2
− 1.6845 (
𝐻𝑖𝑛
𝐻𝑐
) + 1.2663                                      (8.26) 
 𝑉𝑒𝑥𝑖𝑡
√𝑔 × 𝐻𝑐
= −0.0576 (
𝐻𝑖𝑛
𝐻𝑐
) + 0.1895                                                                                                        (8.27) 
8.11.6 Effect of Height of Inlet on Entrainment and Normalized 
Inlet Mass Flow Rate 
The effect of Hin on both the entrainment ratio and the normalized inlet mass flow rate 
is presented in figure 8.59. The normalized inlet mass flow rate generally increases 
due to the increase of Hin and this behaviour is similar to the increase of the normalized 
inlet axial velocity. Min/Mref is correlated with Hin by a polynomial function as in 
equation 8.28. The entrainment ratio decreases with the increase in height of the inlet. 
This is due to the increase in the normalized inlet mass flow rate and it can be 
correlated with Hin as in equation 8.29.   
 
Figure 8.59 Effect of height of inlet hot air on entrainment ratio and the normalized inlet mass flow rate. dc=0.2 m, 
din=0.03 m, Wg=0.02 m, hc=1 m and dg=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s, Pref=101,325 Pa. 
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Min
Mref
= −159.75 (
𝐻𝑖𝑛
𝐻𝑐
)
3
 +  216.96 (
𝐻𝑖𝑛
𝐻𝑐
)
2
 −  57.97 (
𝐻𝑖𝑛
𝐻𝑐
)  +  43.577                (8.28) 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
= −21.145 (
𝐻𝑖𝑛
𝐻𝑐
)  +  29.044                                                                (8.29) 
8.11.7 Effect of Height of Inlet on Thermal Efficiency ( 𝜼 ) 
Percentage 
The efficiency is also affected by the change of Hin as indicated in figure 8.60. As can 
be seen, the efficiency is initially almost constant along the Hin for each case, drops 
sharply after Hin and then starts increasing along the rest of the height of the channel. 
In general, the η increases with the increase of Hin until Y/Hc=Hin/Hc and after that it 
starts decreasing with the increase of Hin. 
 
Figure 8.60 The effect of height of inlet on efficiency along the channel height. dc=0.2 m, din=0.03 m, Wg=0.02 m, 
Hc=1 m and dg=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
Due to the clear decrease in the entrainment ratio and the slight reduction of Vexit by 
the increase of Hin, the Hin of the split chimney is recommended to be as low as possible 
for dilution purposes. As the efficiency decreases with the increase of Hin, it is 
recommended to keep the inlet at ground level or use a low height of inlet. In addition, 
for fuel saver applications, a channel with zero value of Hin can generate a high swirl 
and sufficient intake at the inlet to have effective mixing of combustibles and 
consequently decrease the required consumed fuel. The Hin can be considered a minor 
design variable because it should be kept as small as possible. 
8.12 Effect of the Height of Gap (Hg) 
The height of the gap (Hg) is defined to be the distance from the base of the split 
channel to the bottom of the slots: non-zero values indicate that the slots are closed for 
that height (see figure 1.14). The values of Hg which are under test are 0 m, 0.1 m, 
0.2 m, 0.3 m, 0.5 m, and 0.7 m. The height of the channel (1 m), the diameter of the 
inlet (0.2 m), the width of the gap (0.02 m), the height of the inlet (0 m), the inlet 
temperature (1,573.15 K), and total pressure (0 Pa) are maintained as constant for all 
the simulations in this section. 
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8.12.1 Effect of the Height of the Gap on the Normalized 
Centreline Axial Velocity 
Figures 8.61(a) and 8.61 (b) indicate the effect of the height of the gap on the 
normalized centreline axial velocity. The centreline axial velocity clearly decreases 
with the increase in Hg for most of the height. This is due to the decreased entrainment 
flow having a reduced ability to entrain the flow that penetrates the swirl plume and 
enhances the axial velocity. However, while the centreline axial velocity immediately 
above the inlet is significantly reduced for Hg=0.1 m and 0.2 m, the velocity increases 
with further increases in Hg. This can be attributed to the closed slots preventing the 
jet from spreading as rapidly as in the case with the entrained radial flow when the 
slots are fully open. This effect is limited, however: it can be seen that the centreline 
axial velocity decreases sharply until 0.1 m above the inlet level and then decreases to 
have a lower profile than Hg=0 along the rest of the height.  
 
Figure 8.61 (a) the effect of height of gap on normalized centreline axial velocity. dc=0.2 m, dp=0.03 m, Wg=0.02 m, 
hc=1 m and dg=0. dp/hc=0.03, Wg/hc=0.02, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, 
g=9.81 m/s2, Pref=101,325 Pa. 
 
Figure 8.61 (b) the effect of height of gap (Hg=0.5 m and 0.7 m) on the normalized centreline axial velocity. 
dc=0.2 m, dp=0.03 m, Wg=0.02 m, hc=1 m and dg=0. dp/hc=0.03, Wg/hc=0.02, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 
K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
8.12.2 Effect of the Height of the Gap on the Normalized 
Centreline Temperature 
Figures 8.62 (a) and (b) show how the centreline temperature is affected by the change 
of Hg along the height. Figure 8.62 (a) indicates clearly that the centreline temperature 
decreases with the increase of Hg. This is because the cooling by the entrainment 
ambient flow is still working until these heights due to the activated swirl flow. This 
decrease of centreline temperature also contributes to the centreline axial velocity 
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decreasing along the height for these cases. However, as seen in figure 8.62 (b), at gap 
heights of 0.5 m and 0.7 m, the centreline temperature starts increasing with the 
increase of Hg. The interpretation of this is that the long height of the gap (>0.5 m) 
decreases the entrainment flow, causing the thermal energy to be sustained for the 
updraft air and consequently the increase of the centreline temperature.    
 
Figure 8.62 (a) Effect of height of gap (Hg=0m, 0.1m, 0.2m, and 0.3 m) on normalized centreline temperature. 
dc=0.2 m, dp=0.03 m, Wg=0.02 m, hc=1 m and dg=0. dp/hc=0.03, Wg/hc=0.02, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 
K, Pin=0 Pa, Tamb=298.15K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
Figure 8.62 (b) The effect of height of gap (Hg=0.5 m and 0.7 m) on the normalized centreline temperature. 
dc=0.2 m, dp=0.03 m, Wg=0.02 m, hc=1 m and dg=0. dp/hc=0.03, Wg/hc=0.02, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 
K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa.  
8.12.3 Effect of the Height of the Gap on the Normalized 
Centreline Axial Vorticity 
The normalized centreline axial vorticity is affected by the change in the height of the 
gap along the height of the channel, as indicated in figure 8.63. The centreline axial 
vorticity decreases with the increase of the Hg; however, the maximal peak of the 
centreline vorticity is for the case of Hg=0.1. For Hg<0.5 m, the general trend of the 
vorticity profile is similar, but at higher Hg (0.5 m and 0.7 m), the trend becomes 
different where the centreline vorticity has its lowest values until approximately 0.1 m 
lower than Hg, which is a local maximum. This is because there can be no strong swirl 
within the closed slots. It can be concluded that the strength of the vorticity decreases 
as the Hg increases because the higher Hg decreases the entrainment flow and, 
consequently, the circulation, and to reach a higher swirl strength, the Hg should be as 
low as possible.  
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Figure 8.63 Effect of gap height on normalized centreline axial vorticity. dc=0.2 m, dp=0.03 m, Wg=0.02 m, hc=1 m 
and dg=0. dp/hc=0.03, Wg/hc=0.02, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, Tamb=298.15 K, g=9.81 m/s
2, 
Pref=101,325 Pa. 
8.12.4 Effect of the Height of the Gap on the Normalized Inlet 
and Exit Mean Axial Velocity 
The effect of the height of the gap is shown in figure 8.64. The normalized inlet 
average axial velocity decreases to 1.057 with the increase in the gap height to 0.1 m 
and then starts increasing with Hg, reaching a maximum at 0.7 m. The 
𝑉𝑖𝑛
√𝑔×𝐻𝑐
 can be 
correlated with Hg/Hc as a polynomial equation (see equation 8.30). The effect of Hg 
on the exit axial velocity is similar to that for the Hin. The average exit axial velocity 
is generally lower than the normalized average inlet axial velocity and it can be 
estimated using equation 8.31. The  
𝑉𝑒𝑥𝑖𝑡
√𝑔×𝐻𝑐
 generally decreases with the increase of Hg 
and this is because as Hg increases, the entrainment flow decreases and consequently 
causes a decrease in the mass flow rate and the average exit axial velocity. Both 
equations can provide a first estimate for the unreported values of Hg. 
 
Figure 8.64 Effect of gap height on normalized average inlet axial and exit axial velocity. dc=0.2 m, dp=0.03 m, 
Wg=0.02 m, hc=1 m and dg=0. dp/hc=0.03, Wg/hc=0.02, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, 
Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
𝑉𝑖𝑛
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3
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3
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8.12.5 Effect of the Height of the Gap on the Entrainment 
Ratio and the Normalized Inlet Mass Flow Rate 
Figure 8.65 shows how the normalized inlet mass flow rate and the entrainment ratio 
are affected by the change in height of the gap. The normalized inlet mass flow rate 
behaves similarly to the normalized inlet average velocity, but its correlation with 
Hg/Hc is expressed in equation 8.32. The entrainment ratio through the range of Hg/Hc 
reported here was correlated in equation 8.33. Both equations can be used to estimate 
the values of the normalized inlet mass flow rate and the entrainment ratio for 
unreported values of Hg. 
 
Figure 8.65 Effect of gap height on normalized inlet mass flow rate and the entrainment ratio. dc=0.2 m, dp=0.03 m, 
Wg=0.02 m, hc=1 m and dg=0. dp/hc=0.03, Wg/hc=0.02, dc/hc=0.2 m and dg/hc=0. Tin=1,573.15 K, Pin=0 Pa, 
Tamb=298.15 K, g=9.81 m/s
2, Pref=101,325 Pa. 
 
𝑀𝑖𝑛
𝑀𝑟𝑒𝑓
= −201.42 (
𝐻𝑔
𝐻𝑐
)
3
 +  288.84 (
𝐻𝑔
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)  +  43.344                                              8.32 
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝑚in
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3
 −  94.036 (
𝐻𝑔
𝐻𝑐
)
2
 +  8.9329 (
𝐻𝑔
𝐻𝑐
)  +  28.416                                  8.33 
8.12.6 Effect of the Height of the Gap on Thermal Efficiency 
(𝜼) Percentage 
Figure 8.66 illustrates the effect of the height of the gap on the efficiency within the 
split channel. The η has decreased around the inlet due to the increase in the height of 
the gap. It then starts increasing as the gap is opened due to the swirl flow. The increase 
in the height of the gap also leads to a decrease in the efficiency where the gap starts 
opening and this is probably because the induced weak circulation at the higher height 
from the inlet region could not generate much kinetic energy.  
 
Figure 8.66 The effect of height of gap on efficiency along the channel height. 
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As can be seen from the results in this section, it can be concluded that maintaining 
the use of Hg of 0 m or the use of low Hg is useful for the application of the split 
chimney for dilution purposes. As a fuel saver, or as a split chimney for electricity 
production, the produced small kinetic energy will not help. The Hg can be considered 
to have a minor effect (not a controlled parameter) with regard to the other variables. 
8.13 Conclusion  
This chapter presents the CFD results of the parametric study and it is divided into 
many sections. Firstly, a general introduction about the chapter. Secondly, how the 
thermodynamic and transport properties change with the temperature. Thirdly, a list of 
the important parameters under study. Finally, it covers the effect of Tin, Pin, din, Wg, 
dg, dc, Ng (one and two gaps only), Hin, and Hg on the normalized centreline axial 
velocity, the normalized centreline temperature, the normalized axial centreline 
vorticity, the normalized inlet and exit axial velocity, the entrainment ratio, the 
normalized inlet mass flow rate, and the efficiency. From these results, the designer 
can optimise the specifications of the parameters based on the device to be constructed. 
It can be concluded that the reported variables, whether they relate to the inlet hot air 
conditions or the dimensions of the geometry, have different effects on the specific 
parameters and consequently have minor or major effects on the design of the split 
channel. To have a high entrainment ratio, both Tin and Wg should be maximised, while 
the value of dc should be chosen according to the specific application. It was also found 
that Ng=2 was superior to one gap. These are the major variables for the split chimney 
design. In addition to these selections, it is necessary to decrease the Pin, din, dg, Hin, 
and Hg in order to have a higher entrainment ratio. The efficiency increases with the 
increase of Tin, Pin, din, Wg, dg, and Ng (two gaps) and the decrease of Hg and Hin. This 
means the first set should be considered to be major variables affecting the produced 
efficiency. The resulting very small efficiency makes using the split channel for power 
production impractical. The second set are minor variables affecting efficiency. In 
addition, the increase of vorticity is due to the increase of Tin, Pin, and dg and depends 
on the specific value chosen for dc and Ng; and the decrease of din, Wg, Hin, and Hg. 
This makes Tin, Pin, dg, Ng, din, and Wg the major variables for the design of a split 
channel as a fuel saver in automobiles.  
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9 Conclusion  
This chapter summarises the whole thesis by addressing the appropriate applications 
of the cylindrical split channel in the process of answering the research question. In 
addition, the major conclusions are drawn for the whole study, including answering 
the research question.  Finally, some views on future research are reported. 
9.1 Summary 
This thesis includes nine chapters addressing the possibility of generating a swirl flow 
within the fire-whirl configuration (using a cylindrical split channel) and estimating 
the conversion efficiency of thermal to kinetic energy. The first chapter is an 
introduction to this new study and also lists the motivations of this research. The 
second chapter is a review of literature about this research. The third chapter is a 
review of governing equations and the CFD modelling. The fourth chapter is a 
presentation of some of the CFD results of this research with the related scaling 
analysis.  Chapter 4 also contains a comparison with previously available fire-whirl 
results and some basic CFD results (which were explored more fully in chapter 8). The 
fifth chapter describes the experimental set up and the sixth chapter presents the 
experimental results (mainly from the PIV). The seventh chapter shows the validation 
of the CFD modelling with the current PIV measurements. The eighth chapter 
addresses the parametric study to examine the effect of the inlet conditions of the hot 
air and the dimensions of the geometry on the quantities which are pertinent for 
specific applications. This ninth chapter summarises this research and draws final brief 
useful conclusions. 
9.2 Major Conclusion from the Study 
From the methodology used within the current research, it can be concluded that 
generation of the swirl flow was demonstrated experimentally and numerically and the 
validation of the CFD results has shown good agreement as well. As a consequence, 
the CFD model can replace the experimental measurements for future studies. The 
efficiency has been estimated to measure how much of the thermal energy can be 
converted to kinetic energy. Moreover, from the parametric study, it was found that 
several variables affected the conversion efficiency of thermal energy to kinetic energy, 
with Tin, Pin, din, Wg, dg, and Ng (two gaps) being the major variables which affect the 
efficiency; However, the produced small efficiency is not practical for power 
generation. In addition, many variables affect the entrainment ratio and inlet mass flow 
rate, and the high values of Tin, Wg, and Ng (two gaps) are the major variables for 
building a split chimney for pollutant dilution purposes. The major variables for the 
design of the split channel as a fuel saver within automobiles are Tin, Pin, dg, Ng, din, 
and Wg.   
9.3 Proposals for Future Research 
Many further steps should be conducted after this research to reap the benefits from 
this study. Firstly, the optimization of the inlet conditions and the geometry dimensions 
of the cylindrical split channel should be conducted for many objectives. The main 
objectives of optimization are: maximal dilution of pollutant in a stagnant atmosphere; 
maximal acceleration of pollutant discharge; increased strength of swirl flow; and the 
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increase of conversion efficiency of thermal to kinetic energy. Secondly, the 
generation of a swirl flow within a split square channel with four slots should be 
investigated, conducting the optimization for the same previously reported objectives. 
Thirdly, a hexagonal split channel with six slots can be used to investigate the 
production of the swirl flow and achieve the optimization for the same purposes. 
Fourthly, after conducting the optimization for three different geometries, it can be 
determined which geometry can provide the maximal dilution, exit velocity, swirl 
strength, and conversion efficiency of thermal to kinetic energy. Fifthly, by replacing 
the hot air inlet with a hot surface, a new experimental study is required to confirm the 
generation of a swirl flow within any geometry of a split channel. This would validate 
the next CFD modelling before optimizing the configuration to produce a high swirl 
strength.  
In addition to the previous suggestions for future proposals based on this research, a 
scaling study should be applied for all geometry under study in the case of using a hot 
air inlet. Moreover, the optimization results can then be used for large-scale 
applications such as the split solar chimney for low-cost power production, and the 
split chimney for pollutant dilution into a stagnant atmosphere or low-speed wind. 
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Appendices  
A1 Data Processing 
1. The PIV software program used in this experiment was PIVview 2c, which 
processes double frames resulting from single exposure. As the dimension of the 
split channel is known (see Figure 5.1), the recorded images of the split channel 
during the experiments can be used to conduct the calibration where, in this case, 
the split channel will be the calibration target. As a result, this set of pair images 
has been averaged using pre-image processing. The resulting image is used to 
determine the true-world dimensions of the acquired images using calibration 
mode by calculating the magnification factor in mm/pixel.   
2. For the background images, the pre-image processing is applied to estimate the 
average background for the base and cross image for 50 raw pair images as 
recommended by Raffle et al. (2007) ‘the background images can either be 
recorded… or, if this is not possible, through computation of an average or 
minimum intensity image from a sufficiently large number of raw PIV 
recordings (at least 20-50)’. 
3. To apply PIV correlations only within the specific region, the geometric mask is 
used. 
4. From the average background image, it can be determined whether or not the 
laser reflections from the surface contribute significantly to the background 
noise by comparing the intensity counts of the average background image to the 
intensity counts of the seeding particles. The bright laser reflections near the wall 
will have intensities higher than the particle intensities. This will adversely 
impact the PIV correlation near the wall and limit the location of the first reliable 
vector nearest to the wall. In this research, laser reflections contribute to the 
background pair images. 
5. The options used to conduct the pre-processing of the flow images are: first, 
Convert Images to Floating Point Data is used to prevent truncation of data 
during filtering procedures which can increase overall precision (PIVview User 
Manual, 2010). Second, perform high-press filtering to remove large intensity 
reflections in the background of each image during the pre-processing of images 
leaving the particles without change with selecting Kernel diameter around 7 
pixel > average particle diameter (Raffel et al., 2007). The mean particle 
diameter for most of the vegetable oils is around 1µm from the atomizer (Raffle 
et al., 2007) and it is around 4 pixels in these measurements. It is also 
recommended by Stanislas et al. (2005) that the filtering is ‘to eliminate high-
frequency noise’. Third, insert the average background pair images, prepared in 
step 2, for both base image and cross image and then select the probable 
subtraction option, which is selected in this work as combined subtraction of and 
division by the background. Finally, insert the same mask image for the base and 
the cross images. 
6. Specify the vector calculation procedure: in this work, the cross-correlation PIV 
mode is set as recommended for the double frame/single exposure recordings by 
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Raffel et al. (2007) and then the parameter file, containing the PIV evaluation 
setup, is prepared as follows:- 
 The image has been sampled with a window size of 24 × 24 pixels (3.25 mm × 
3.25 mm for experiments with horizontal view and 5.02 mm × 5.02 mm for 
experiments with vertical view) with 50% overlap and the aligned samples were 
along the bottom edge. 
 The data within the effective sample size (24 × 24 pixels) have been correlated 
by the method of multiple correlations, using a fast Fourier transform (FFT) 
where uniform weighting was used for the windowing (I and 𝐼′are the samples 
as intensity value, while 𝐼1̂ and 𝐼2̂ are FFT of the function I and 𝐼
′). To produce 
a field of linear displacement vectors, where each vector is formed by analysing 
statistically using FFT the movement of localized groups of particles within the 
interrogation windows. The correlation is repeated three times for each single 
pair of images (see Figures A1.1 and A1.2). Finally, inverse FFT is used to 
obtain the cross-correlation data. 
 
Figure A1.1 Analysis of double frame/single exposure recordings: the digital cross correlation (Raffel et al., 2007). 
 
Figure A1.2 Conceptual arrangement of frame-to-frame image sampling associated with double frame/single 
exposure Particle Image Velocimetry (Raffel et al., 2007). 
 A multi-grid interrogation procedure with decreasing window size was used. 
This is a pyramid approach starting off with larger interrogation windows (96 × 
96 pixels) on a coarse grid and refining the windows and grid with each pass 
until reaching the final window sizing (24×24 pixels). Sub-pixel image shifting 
(image deformation) is enabled to conduct image interpolation and this 
technique is a second-order method which involves a complete deformation of 
the image data using the displacement data of the previous interrogation passes. 
Cubic b-spline interpolation is used because it provides the best results.   
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 The sub-pixel peak position is estimated using Whittaker reconstruction. This 
process is ‘reconstructing the correlation function from all correlation values 
along the horizontal and vertical line crossing the brightest correlation value 
(peak) and estimates the maximum from this function’ (PIVview User Manual, 
2010). The peak locking effect is improved in this study for the raw data using 
the pre-processing and choosing the appropriate peak estimator as mentioned in 
Raffel et al., 2007). The below sub-pixel histogram (see Figure A.3) is for the 
average results from the first experiment of the repeatability, and no peak locking 
can be observed where the sub-pixel histogram has near-uniform distribution. 
 
Figure A1.3 histogram of the actual PIV displacement data obtained from 6600 image sequence for horizontal view 
for swirl flow at height of 0.0332 m. Histogram bin-width = 0.05 pixel.  
 The pulse delay, which is time difference between laser pulses (500 μs), was 
added in the convert tab and the magnification factor, which was estimated 
earlier, was inserted as well. The origin point has been set at the centre of inlet 
of hot air. 
 The outlier detection filter has been used for validation, after the evaluation 
process is done. At this stage, the parameter file is complete and can be saved 
with .par as its file extension. 
 At this stage, the evaluation can be conducted using one pair image from the raw 
images (around 6,000 pair images) to obtain tangential, radial and centreline 
axial velocity. As recommended by Lu and Sich (2013), the resulting vector field 
is obtained before conducting any validation (post-processing), also called first 
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choice vectors. By seeing the results and the flow direction, it can be determined 
if the results are reliable or not. 
7. The batching process can be conducted to evaluate large number of raw pair 
images. In this research, it was conducted using PIVViewBatch where the 
images were distributed to eight cores of the cluster to accelerate the analysis 
processing. To use this software, the directory of pair images defined and the 
parameter file should be located in this software. The mask file and the 
background pair images must also be inserted in *.tif format. It can then select 
the velocity as the required variable to be the output of this analysis. The results 
are in both ASCII (*.dat) and NetCDF (*.nc) format for the instantaneous and 
the average results. The *.dat file contains the text of the results and can be 
opened using Excel or Matlab to use the results while the *.nc file can be opened 
using PIVView2C software to visualize the velocity vectors or the contours of 
velocity components (PIVTecILA-PIVView, 2014). 
8. The post-processing is applied through the filter tab using Median Filtering (5 × 
5) for the average results. It is found that ‘no observed outlier vectors detected 
because of the evaluation of large number of raw images’ (Raffel et al., 2007). 
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A2 Derivation of Dimensionless Groups Using Pi Theorem 
The dimensionless groups can be obtained in sequence as following,  
𝜋1 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑 . 𝜔                                                                               𝐴2.1 
{𝜋1} = {𝐿
0𝑡0𝑀0𝛳0} = {(𝑔)𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑𝜔}
=  (𝐿 𝑡−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑𝑡−1 
L: a+b-3c = 0 
t : -2a-1 = 0 → a = -1/2 
M: c = 0 
ϴ: d = 0 
∴ 𝑏 = 1/2 
∴  𝜋1 = (𝑔)
−1/2(𝐻𝑐)
1/2𝜔 =
𝜔
√𝑔/𝐻𝑐
                                                                                𝐴2.2 
𝜋2 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝑈                                                                                  𝐴2.3 
{𝜋2} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑𝐿 𝑡−1 
a= - 1/2, b= - 1/2 
c=0, d=0 
∴  𝜋2 =
𝑈
√𝑔.𝐻𝑐 
= 𝐹𝑟𝑜𝑢𝑑𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 (𝐹𝑟)                                                                      𝐴2.4 
𝜋3 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝑇                                                                                 𝐴2.5 
{3} =  (𝐿 𝑡−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑. 𝛳 
a = 0, b = 0 
c= 0, d = -1                 
∴ 𝜋3 =
𝑇
𝑇𝑎𝑚𝑏
                                                                                                                         𝐴2.6 
𝜋4 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝑇𝑖𝑛                                                                               𝐴2.7 
{𝜋4} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑. 𝛳 
a = 0, b = 0 
c= 0, d = -1 
∴  𝜋4 =
𝑇𝑖𝑛
𝑇𝑎𝑚𝑏
                                                                                                                        𝐴2.8 
𝜋5 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝑚𝑖𝑛                                                                             𝐴2.9 
{𝜋5} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑. 𝑀 𝑡−1 
a = -1/2, b = -5/2 
c= -1, d = 0 
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∴  𝜋5 =
𝑚𝑖𝑛
𝜌𝑟𝑒𝑓√𝑔. (𝐻𝑐)5
                                                                                                    𝐴2.10 
∴  𝜋6 =
𝑚𝑒𝑡𝑜𝑡𝑎𝑙
𝜌𝑟𝑒𝑓√𝑔. (𝐻𝑐)5
                                                                                                    𝐴2.11 
𝜋7 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝑃𝑟𝑒𝑓                                                                         𝐴2.12 
{𝜋7} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑𝑀 𝑡−2 𝐿−1 
a= - 1, b = - 1 
c= - 1, d = 0 
∴  𝜋7 =
𝑃𝑟𝑒𝑓
𝑔.𝐻𝑐. 𝜌𝑟𝑒𝑓
                                                                                                            𝐴2.13 
𝜋8 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝜇𝑟𝑒𝑓                                                                         𝐴2.14 
{𝜋8} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑𝑀 𝐿−1𝑡−1 
a= - 1/2, b = - 3/2 
c= - 1, d = 0 
∴  𝜋8 =
𝜇𝑟𝑒𝑓
𝜌
𝑟𝑒𝑓√𝑔.(𝐻𝑐)3
                                                                                                         𝐴2.15 
𝜋9 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝑘𝑟𝑒𝑓                                                                         𝐴2.16  
{𝜋9} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑𝑀 𝐿 𝑡−3𝛳 
a = - 3/2, b = -5/2 
c= -1, d = 1 
∴  𝜋9 =
(𝑇𝑎𝑚𝑏)(𝑘𝑟𝑒𝑓)
𝜌𝑟𝑒𝑓√𝑔3𝐻𝑐
5
                                                                                                      𝐴2.17 
𝜋10 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑. 𝐶𝑝𝑟𝑒𝑓                                                                     𝐴2.18 
{𝜋10} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑𝐿2 𝑡−2𝛳−1 
a = - 1, b = - 1 
c = 0, d = 1 
∴  𝜋10 =
𝐶𝑝𝑟𝑒𝑓. 𝑇𝑎𝑚𝑏
𝑔.𝐻𝑐
                                                                                                        𝐴2.19 
𝜋11 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑 . 𝑌                                                                            𝐴2.20 
{𝜋11} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑𝐿 
a= 0, b= - 1 
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c=0, d=0 
∴  𝜋11 =
𝑌
𝐻𝑐
                                                                                                                         𝐴2.21 
𝜋12 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(𝑇𝑎𝑚𝑏)
𝑑 .𝑊𝑔                                                                          𝐴2.22 
{𝜋12} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑. 𝐿 
a= 0, b= - 1 
c=0, d=0 
∴  𝜋12 =
𝑊𝑔
𝐻𝑐
                                                                                                                        𝐴2.23
∴  𝜋13 =
𝑑𝑔
𝐻𝑐
                                                                                                                         𝐴2.24 
∴ 𝜋14 =
𝐻𝑔
𝐻𝑐
                                                                                                                          𝐴2.25 
∴ 𝜋15 =
𝑑𝑖𝑛
𝐻𝑐
                                                                                                                         𝐴2.26 
∴  𝜋16 =
𝐻𝑖𝑛
𝐻𝑐
                                                                                                                       𝐴2.27 
∴  𝜋17 =
𝑑𝑐
𝐻𝑐
                                                                                                                        𝐴2.28 
In the case of using the temperature as the temperature difference from a constant, 
𝜋3 = (𝑔)
𝑎(𝐻𝑐)
𝑏(𝜌𝑟𝑒𝑓)
𝑐(∆𝑇𝑖𝑛)
𝑑. ∆𝑇                                                                              𝐴2.29 
{𝜋3} =  (𝐿 𝑡
−2)𝑎(𝐿)𝑏(𝑀 𝐿−3 )𝑐(𝛳)𝑑. 𝛳 
a = 0, b = 0 
c= 0, d = -1 
∴ 𝜋3
` =
∆𝑇
∆𝑇𝑖𝑛
                                                                                                                      𝐴2.30 
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A3 Average Particle Displacements in Pixels for Repeatability and 
Main Results 
The following are the representations of the repeatability and the main experimental 
results (See section 6.2.1 & 6.3) in particles displacements in pixels. Figure A3.1 (a) 
shows the repeatability of profile for particle displacement between the produced 
average pair images in z-direction in pixels along at line 1 in pixel (pixel coordinate in 
x-dircetion is at row of 1162); while figure A3.1 (b) indicates the repeatability of 
profile for particle displacement between the average pair images in z direction along 
at line 1 (pixel coordinates in x-direction is at row of 1162). The figure A3.2 illustrates 
the displacements of particles between the produced average pair images in x-direction 
on line 1 (pixel coordinates in x-direction at row of 1092) at different heights of 
channel. The results provides the same profiles of particle displacements in physical 
units but the profiles in pixels become wider at higher heights and this is because that 
the distance between the camera and the laser sheet decreases (not constant); therefore, 
the images become bigger and consequently the displacements. The figure A3.3 
provides the profile of particle displacement in z direction along pixel coordinate in z 
direction on line 1 (pixel coordinates in z-direction at row of 1092) at the three reported 
heights. Figure A3.4 presents the vertical displacement of particle between the average 
pair images on vertical pixel coordinates in y direction at line 2 (pixel coordinates in 
z-direction is at row of 976) when dg=0 and 1 cm. 
The image acquisition of sCMOS Camera is with high-resolution of 2560×2160 
pixels and the FFT used uniform weighting of the sample sizing (12 pixels). Most 
of the average pair images showed that each step size (12 pixel) has 2 particles in 
each pair. This means that particles are on average approximately 6 pixels apart. 
The below figures show that displacements are always less than N/2=6 pixel (N is 
the sample size or grid sizing) so that there is no aliasing error as Raffle et al, (2007) 
reported. 
  
 
Figure A3.1 Profile of horizontal displacement along z at x = 1162 pixel for repeatability experiments at height of 
32mm, (a) for radial displacements& (b) for tangential displacements. 
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Figure A3.2 Profile of horizontal tangential displacement along z at x = 1092 pixel (height= 33.5mm, 125 mm, 240 
mm). 
 
Figure A3.3 Profile of horizontal radial displacement along z at x = 1092 pixel (height= 33.5mm, 125 mm, 240 mm). 
 
Figure A3.4 Profile of vertical displacement in pixels along y at z = 976 pixel (dg=0 & 1cm). 
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